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Introduction: Intraspinal grafting of human neural stem cells represents a promising approach to promote 
recovery of function after spinal trauma. Such a treatment may serve to: I) provide trophic support to improve 
survival of host neurons; II) improve the structural integrity of the spinal parenchyma by reducing syringomyelia 
and scarring in trauma-injured regions; and III) provide neuronal populations to potentially form relays with host 
axons, segmental interneurons, and/or a-motoneurons. Here we characterized the effect of intraspinal grafting of 
clinical grade human fetal spinal cord-derived neural stem cells (HSSC) on the recovery of neurological function in a 
rat model of acute lumbar (L3) compression injury. 

Methods: Three-month-old female Sprague-Dawley rats received L3 spinal compression injury. Three days post- 
injury, animals were randomized and received intraspinal injections of either HSSC, media-only, or no injections. All 
animals were immunosuppressed with tacrolimus, mycophenolate mofetil, and methylprednisolone acetate from 
the day of cell grafting and survived for eight weeks. Motor and sensory dysfunction were periodically assessed 
using open field locomotion scoring, thermal/tactile pain/escape thresholds and myogenic motor evoked 
potentials. The presence of spasticity was measured by gastrocnemius muscle resistance and electromyography 
response during computer-controlled ankle rotation. At the end-point, gait (CatWalk), ladder climbing, and single 
frame analyses were also assessed. Syrinx size, spinal cord dimensions, and extent of scarring were measured by 
magnetic resonance imaging. Differentiation and integration of grafted cells in the host tissue were validated with 
immunofluorescence staining using human-specific antibodies. 
(Continued on next page) 
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(Continued from previous page) 

Results: Intraspinal grafting of HSSC led to a progressive and significant improvement in lower extremity paw 
placement, amelioration of spasticity, and normalization in thermal and tactile pain/escape thresholds at eight 
weeks post-grafting. No significant differences were detected in other CatWalk parameters, motor evoked 
potentials, open field locomotor (Basso, Beattie, and Bresnahan locomotion score (BBB)) score or ladder climbing 
test. Magnetic resonance imaging volume reconstruction and immunofluorescence analysis of grafted cell survival 
showed near complete injury-cavity-filling by grafted cells and development of putative GABA-ergic synapses 
between grafted and host neurons. 

Conclusions: Peri-acute intraspinal grafting of HSSC can represent an effective therapy which ameliorates motor 
and sensory deficits after traumatic spinal cord injury. 

Keywords: Spinal cord injury, Human neural stem cells, Spinal grafting, Functional recovery, Rat 



Introduction 

Extensive experimental and clinical data show that the 
mechanisms leading to a clinically- defined loss of neuro- 
logical function after spinal trauma can in general be 
considered in two categories. First is the pathology and 
corresponding functional loss resulting from a direct 
mechanical injury of axons at the injury epicenter, and 
second is a progressive appearance of secondary changes 
(local edema, hematoma, excitotoxicity and ischemia) 
which can evolve over hours to weeks after the initial 
impact (for review see Hagg and Oudega [1]). Consistent 
with our current knowledge of the mechanism which 
leads to the development of secondary post-injury cas- 
cade, the current experimental and clinical treatment 
strategies primarily focus on: I) improvement of local 
metabolism and blood flow (for example, through de- 
compression therapy and hypothermia) [2,3]; and II) 
modulation of local inflammatory response (for example, 
with methylprednisolone) [4-7]. A separate group of ex- 
perimental treatment modalities is aimed at improving 
the local neurotrophic activity at and around the injury 
epicenter with the primary goal of increasing the sur- 
vival of partially injured axons and/or neurons. In this 
category of experimentation, besides the use of locally 
delivered trophic factors (such as brain-derived neuro- 
trophic factor (BDNF)-, glial cell line-derived neuro- 
trophic factor (GDNF)-, and fibroblast growth factor 
(FGF)-peptides or growth factors-gene-encoding vectors) 
[8], regionally grafted fetal or embryonic stem cell- 
derived neuronal precursors are frequently used [9-18]. 

Recently, well-defined protocols were developed which 
permit the isolation and long-term stable expansion of 
(non-immortalized) human fetal brain or spinal cord 
tissue-derived neural stem cells [19-24]. Using these pro- 
tocols, continuing neurogenic potential, as evidenced by 
neuronal differentiation and the ability of differentiated 
neurons to generate action potentials in vitro, was do- 
cumented at even high (>20) passage numbers [24,25]. 
Some of these lines were successfully used for: I) ge- 
neration of good manufacturing practice (GMP) -grade 



clonally-derived cell lines; II) extensive pre-clinical evalu- 
ation using a variety of neurodegenerative small and large 
animal models; and III) subsequently used successfully in 
Phase I human clinical trials [26-28]. 

In our previous studies, we have extensively characte- 
rized the in vivo treatment effect after spinal grafting of 
(clinical) GMP (cGMP) -grade human fetal spinal cord- 
derived stem cells (NSI-566RSCs line) using a spinal 
ischemia model in rats and transgenic rat model of 
amyotrophic lateral sclerosis (ALS) (SODl G93A ). In those 
studies, we have shown that: I) grafting of NSI-566RSCs 
into lumbar spinal cord of adult Sprague-Dawley (SD) 
rats with previous spinal ischemic injury is associated 
with a progressive improvement of ambulatory function 
which correlates with long-term grafted cell survival and 
extensive neuronal differentiation [29]; and II) bilateral 
lumbar grafting of NSI-566RSCs in pre-symptomatic 
SODl G93A rats provides a transient functional benefit 
and suppression of a-motoneuron degeneration, that is, 
a protective effect which was absent in media-injected 
animals [30]. Using the same cell line, we have also dem- 
onstrated the optimal dosing regimen and safety after 
grafting into the lumbar spinal cord of immunosup- 
pressed minipigs [29]. The dosing design defined in this 
pre-clinical minipig study was then subsequently used in 
a recently completed Phase I human clinical trial in ALS 
patients receiving lumbar and cervical grafts of NSI- 
566RSCs [27,31]. In a more recent study using an im- 
munodeficient rat model of complete spinal cord Th3 
transection, it was shown that NSI-566RSCs or rat em- 
bryonic neural precursor cells, embedded in a fibrin 
matrix with trophic factors and grafted one week after 
injury, were able to form functional relays. The forma- 
tion of functional relays was validated behaviorally (BBB 
locomotor score), electrophysiological^ (spinal cord 
evoked potentials), and histologically (host on graft and 
graft on host synapses) [32]. 

The goal of our present study was to characterize the 
effect of NSI-566RSCs grafted spinally in a clinically 
relevant L3 spinal compression model in continuously 
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immunosuppressed adult SD rats. The presence of a 
treatment effect was assessed by analysis of I) motor and 
sensory function, II) myogenic motor evoked potentials 
(MEPs), III) spasticity response during computer-controlled 
ankle rotation, and IV) qualitative analysis of grafted cell 
survival and maturation. 

Methods 

Animals and surgeries 

All animal studies were approved by the University of 
California, San Diego Institutional Animal Care and Use 



Committee (Protocol No.: SOI 193). The study design is 
outlined in Figure 1. Twelve -week- old Female SD rats 
were used. The rationale for choosing female rats was 
based on our previous experience which demonstrates 
better tolerability of female rats to spinal trauma-related 
side effects, such as urinary retention. Animals were 
anesthetized with isoflurane (5% induction, 1.5% to 2% 
maintenance; in room air) and placed into a Lab Stand- 
ard Stereotaxic frame (Stoelting, Cat# 51600, Wood 
Dale, IL, USA). The animal was elevated 2 cm by placing 
it on a homeothermic heating blanket (set at 37°C with 
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Figure 1 Schematic diagram of experimental design. A: To induce spinal cord injury, a 35 g circular rod was placed on the exposed L3 spinal 
segment and the spinal cord compressed in the dorso-ventral direction for 15 minutes. B: Three days after injury, the animals were randomly 
assigned to experimental groups and received a spinal graft of HSSC or media only. A total of 12 injections were performed targeting the injury 
epicenter and adjacent areas (see Spinal Injection Map). C: After spinal injections, the animals survived for two months while being continuously 
immunosuppressed and periodically tested for recovery of motor/sensory functions, changes in motor evoked potentials (MEPs) and gastrocnemius 
muscle spasticity response evoked by computer-controlled ankle rotation. D: At two months after treatment, animals were perfusion fixed with 4% 
PFA and spinal cord MRI-imaged in situ before histological processing. E: After MRI imaging, spinal cords were dissected from the spinal column and 
spinal blocks prepared for plastic embedding (injury epicenter region) or cryostat sectioning and used for immunofluorescence staining (the regions 
just above and below the injury epicenter). HSSC, human fetal spinal cord-derived neural stem cells; MRI, magnetic resonance imaging; 
PFA, paraformaldehyde. 
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feedback from a rectal thermometer (Harvard Apparatus, 
Cat# 507214, Holliston, MA, USA) which sits on a plastic 
rectangular block. The animal was then placed in Spine 
Adaptors (Stoelting, Cat# 51695, Wood Dale, IL, USA) 
and a wide Thl3 laminectomy was performed using an 
air-powered dental drill and binocular microscope (expo- 
sing the dorsal surface of spinal segment L3). An acrylic 
rod (0 2.9 mm, length 15 cm; 35 g) was then slowly 
lowered onto the exposed L3 segment until it slightly 
touched the spinal cord but without inducing any com- 
pression. The laminectomy site was then filled with 
mineral oil in which the tip of a small thermocouple 
(Physitemp, Cat# IT- 14, Clifton, NJ, USA) was submerged 
and touched the dura. The light from the two fiber optic 
light pipes of the surgical light (Fiber-Lite, Cat# MI- 150 & 
BGG1823M, Dolan-Jenner, Boxborough, MA, USA) was 
focused on the surgical site (and directly illuminating the 
temperature probe). Next, the light intensity was manually 
regulated so that the spinal cord/mineral oil was warmed 
to 37°C and remained at 37 ± 0.3°C. If necessary, a 100 W 
infrared lamp was used to gradually adjust and maintain 
the animals core temperature at 37°C (rectal). When both 
temperatures (that is, paraspinal and rectal) were at 37 ± 
0.3°C for at least five minutes, the rod was slowly lowered 
until its weight fully rested, perpendicularly, on the spinal 
cord. The rod was kept in place for 15 minutes, while both 
temperatures were maintained at 37 ± 0.3°C. After spinal 
compression, the rod and mineral oil were removed and 
the wound sutured in anatomical layers. 

Post-surgical care 

Buprenorphine (0.05 mg/kg, s.c, Reckitt Benckiser, 
Richmond, VA, USA), 5 mL of lactated Ringer s, 10 mg/kg 
of cefazolin (Novaplus/Sandoz, Holzkirchen, Germany) 
and standard triple antibiotic ointment to cover the inci- 
sion site (bacitracin, neomycin, Polymyxin B) was given 
after every surgery. Bladders were manually emptied twice 
daily (if full). Sulfamethoxazole and trimethoprim USP 
oral suspension (200 mg and 40 mg per 250 mL drinking 
water, Hi-Tech Pharmacal, Amityville, NY, USA) was 
given for at least 10 to 14 days after spinal cord injury 
(SCI) or until autonomic bladder voiding occurred and for 
1 to 2 days after any other surgery (sham or grafting). 
Food was provided by placing it at the bottom of cage and 
water bottles with an elongated drinking tube were used, 
until regular overhead supplies could be reached by 
the animal. Animals diagnosed with bacterial infec- 
tions throughout the study were treated with sulfa- 
methoxazole (as above), 10 mg/kg/day of cefazolin, 
and lactated Ringers 5 mL/0.5 day. 

Cell derivation and preparation 

The cells, named 'NSI-566RSC, were produced by 
Neuralstem Inc. (Rockville, MD, USA), as described 



before [33]. Briefly, human spinal cord neural precursors 
(HSSC) were prepared from the cervical-upper thoracic 
region obtained from a single eight week fetus. The fetal 
tissue was donated by the mother in a manner fully com- 
pliant with the guidelines of NIH and FDA and approved 
by an outside independent review board and by the Uni- 
versity of California, San Diego Human Research Protec- 
tion Program (Project# 101323ZX). Meninges and dorsal 
root ganglia were removed and dissociated into a single 
cell suspension by mechanical trituration in serum-free, 
modified N2 media (human plasma apo-transferrin, re- 
combinant human insulin, glucose, progesterone, putres- 
cine, and sodium selenite in (Dulbecco s) modified Eagle s 
medium ((D)MEM)/F12). For growth of the HSSC, 10 ng/ 
ml basic fibroblast growth factor (bFGF) was added to the 
modified N2 media and expanded serially as a monolayer 
culture on poly-D-lysine and fibronectin [34]. Approxi- 
mately 6.1 x 10 6 total cells were obtained upon the initial 
dissociation of the spinal cord tissue. The growth medium 
was changed every other day. The first passage was con- 
ducted 16 days after plating. At this point, the culture was 
composed mostly of post-mitotic neurons and mitotic 
HSSC. Mainly the mitotic cells were harvested through 
brief treatment with trypsin and subsequent use of soy- 
bean trypsin inhibitor. The cells were harvested at ap- 
proximately 75% confluence, which occurred every five to 
six days (20 passages). At various passages, the cells were 
frozen in the growth medium plus 10% dimethyl sulfoxide 
at 5 to 10 x 10 6 cells/ml. The frozen cells were stored in li- 
quid nitrogen. Upon thawing, the overall viability and re- 
covery was typically 80% to 95%. A cell bank of passage 16 
cells was prepared and used for this study. 

For the production of eGFP-labeled NSI-566RSC, a 
Lentiviral vector was constructed containing the human 
Ubiquitin C promoter driving expression of enhanced 
GFP. Viral particles produced by infected 293FT cells 
were collected after overnight incubation, then concen- 
trated by centrifugation and stored frozen. Neural stem 
cell cultures were infected by overnight incubation in 
growth medium supplemented with viral supernatant. 
Infected stem cells were washed with phosphate-buffered 
saline (PBS) and cultured as described above. After 
multiple passages, >90% of the cells were GFP posi- 
tive (assessed after immunohistochemical staining). A 
cell bank of passage 17 cells was prepared and used 
for this study. 

One day prior to each grafting day, one cryopreserved 
vial of the previously prepared cells was thawed, washed, 
concentrated in hibernation buffer, and shipped from 
the cell preparation site (Neuralstem, Inc., Rockville, 
MD, USA) to the surgery site (University of California, 
San Diego, CA, USA) at 2 to 8°C by overnight delivery. 
Upon receipt the following day, the cells were used di- 
rectly for implantation without further manipulation. 
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Before and after implantation, the viability of cells was 
measured with trypan blue (0.4%; Sigma- Aldrich, St. 
Louis, MO, USA). Typically, a >85% viability rate was 
recorded. 

Inclusion and exclusion criteria, randomization and 
blinding 

Three days following SCI and prior to grafting, animals 
were randomly divided into three groups: the vehicle- 
injected group, non-injected group, or the HSSC-injected 
group. SCI animals with an open-field locomotion score 
of <1 and appearing healthy enough were included. Ani- 
mals found moribund or automutilating at any point dur- 
ing the study were excluded and euthanized. A total of 42 
animals were employed and divided into 6 experimental 
groups, as follows: 

Group A (n = 14): SCI animals-NSI-566RSC-grafted, 
Group B (n = 10): SCI animals-vehicle-injected, 
Group C (n = 8): SCI animals-non-injected, 
Group D (n = 6): sham operated (laminectomy only), 
Group E (n = 6): naive animals (no surgical 
manipulation) 

Group F (n = 2): SCI athymic animals-ubiquitin.eGFP + 
NSI-566RSCs-grafted. 

One animal was excluded in Group A because of 
automutilation of the hind paw; two animals were ex- 
cluded in Group C, one because of automutilation of the 
hind paw and one because of bacterial infection. Six ani- 
mals had been replaced before dosing/randomization, 
five due to inadequate injuries and one because of bac- 
terial infection. 

Grafting procedure 

For the intraparenchymal injections, the animals were 
placed in the stereotactic frame as described above. The 
L3 spinal cord (that is, the dura mater) was then re- 
exposed at the previous laminectomy site. Injections 
were performed using a 33 gauge beveled needle and 
100 \iL Nanofil syringe (World Precision Instruments, 
Cat# NF33BV and Nanofil-100, Sarasota, FL, USA) con- 
nected to a microinjection unit (Kopf Instruments, Cat# 
5000 and 5001, Tujunga, CA, USA). The duration of 
each injection was >45 seconds followed by a >30 sec- 
ond pause before slow needle withdrawal. The center of 
the injection was targeted intermediate of the ventral 
and dorsal horn and close to the lateral funiculus (dis- 
tance from the dorsal surface of the spinal cord at the 
L3 level: 0.80 mm). Twelve injections (20,000 cells/ uL) 
were done; four injections (0.5 \iL each, 0.8 to 1.0 mm 
apart, rostrocaudally) at each lateral boundary of the 
injury (eight in total), plus two (bilateral) injections 
(0.5 \iL each) 1.5 mm caudal from the previous, most 



caudal injections, and two injections at the core of the 
epicenter (1 \iL at each side of the dorsal vein, bilaterally; 
see diagram in Figure 1). After the injections, the inci- 
sion was cleaned with penicillin-streptomycin solution 
and sutured in two layers. 

Immunosuppression 

Two days after injury (that is, one day before grafting), a 
methylprednisolone acetate (Depo-Medrol, 10 mg/kg, 
i.m.) was given, which was repeated thereafter three 
times with 1 mg/kg/week i.m. Starting directly after 
grafting, all animals received 1.5 mg/kg/BID s.c. of ta- 
crolimus (Prograf/FK506, Astellas, Deerfield, IL, USA) 
until the end of the study. For post-transplant days 0 
to 10, the animals also received 30 mg/kg/day s.c. of 
mycophenolate mofetil (CellCept, Genentech, CA, USA). 
Immunosuppression was also given to the non-grafted 
Sprague-Dawley animals (that is, the naive, sham opera- 
ted, and all SCI-control animals). 

Open field locomotion testing 

Locomotion recovery after spinal cord contusion injury 
was monitored using a modified BBB open field locomo- 
tion rating scale [35]. The BBB score was modified to re- 
flect the distinct locomotor recovery stages observed 
after L3 SCI. The modified score entailed eight well- 
defined degrees of locomotor recovery: 0 to 1: are identi- 
cal to the BBB-score, 2: is cumulative score of 2 and 3 of 
the BBB score, 3: is cumulative score of 4, 5 and 6 of the 
BBB score, 4: is cumulative score of 7 and 8 of the BBB 
score, 5: reflects weight support with poor paw clear- 
ance, 6: is broadened and/or shortened stepping, and 7: 
is normal walking. In the present study, the locomotor 
score was obtained before grafting and weekly after in- 
jury until the end of the study (that is, 8.5 weeks post- 
injury). In addition to a modified BBB score, a regular 
full 21 scale BBB score was periodically assessed. 

Gait analysis 

The CatWalk apparatus (CatWalk 7.1, Noldus Technol- 
ogy, Wageningen, The Netherlands) was used to quantify 
gait parameters during walkway crossings (for example, 
paw positioning, base of support, stride length, front 
limb versus hind limb coordination) by footprint analysis 
[36]. Animals had to walk down a horizontal glass walk- 
way (109 x 15 x 0.6 cm, L x W x H), the glass of which 
is illuminated along the long edge. At the end of the 
walkway, animals had access to their home cage and 
were given a treat upon arrival (Certified Supreme Mini- 
Treats™, Cat# F05472-1, Frenchtown, NJ, USA). The 
light only enters the (side of the) glass and reflects 
merely internally (when the glass is bordered by air). As 
an animal walks on the glass walkway, light reflects 
off of the animals paws, producing a series of bright 
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footprints when viewed through the glass, from below 
the walkway. The illuminated footprints were then re- 
corded by a video camera with a wide-angle objective 
that was located underneath the elevated glass walkway. 
In order to get an optimal contrast between the paws 
and the surroundings; the test was performed in a room 
that was totally darkened. The animals were trained for 
smooth walkway crossing on the five days prior to the 
video acquisitions. To obtain accurate and meaningful 
data, the following criteria concerning walkway crossings 
needed to be met: (1) the animal needed to walk un- 
interrupted across the walkway, at a constant pace and 
(2) a minimum of three such crossings per animal were 
required. Animals without bilateral paw clearance could 
not be analyzed (n = 4 control-SCI animals, and 3 
HSSC-treated animals). Digital data analysis consisted of 
assigning labels (left-fore, left-hind, right-fore, or right- 
hind) to the animals paw prints in a recorded walkway 
crossing, using dedicated CatWalk software. Next, the 
software calculated gait parameters. Data from three 
proper crossings were averaged for statistical analysis. 

Inclined ladder test 

The inclined ladder test was performed as described be- 
fore [37,38]. An inclined ladder (55°) with twenty 120 
mm wide rungs (diameter: 1/4"), spaced at equal inter- 
vals (60 mm) and having 150 mm-high side walls was 
used. The rats were trained for this test so that smooth 
runs were recorded. At the end of the ladder, the ani- 
mals had access to their home cage and received a treat 
(as above). The rats were placed at the bottom, and in 
front, of the ladder. The bottom of the ladder was placed 
on a 20 cm elevated platform. Climbing was video 
recorded from a position below the ladder, so that the 
ventral aspect of the animal is recorded. All animals 
were able to climb up the ladder. The correct placing of 
a hind paw and sustained position until its next forward 
move was counted over 18 rungs (placement on first 
and last rung were not counted). 

Single frame hind limb motion analysis 

Two parameters were measured in bilateral video cap- 
tures of animals crossing a runway: the foot-stepping 
angle (FSA) and the rump-height index (RHI), as de- 
scribed before [37,38] . The FSA is the angle at which the 
hind paw is placed on the ground just after the swing 
phase. The angle is defined by a line parallel to the dor- 
sal surface of the paw and a horizontal line behind the 
paw. Four to six measurements were made for each hind 
limb (a total of 8 to 12 step cycles). The RHI was defined 
as the highest point of the base of the tail during the 
(recorded part of the) run. The values for the left and 
right paw of each animal were averaged. The elevated 
runway bar was made of a wooden plate/beam (1500 x 



150 x 20 mm, L x W x H). The animals were trained to 
smoothly walk the beam. Once more, at the end of the 
beam the animals had access to their home cage and re- 
ceived a treat (as above). The videos (that is, the selected 
frames) were selected and analyzed using the video tool 
VirtualDub 1.9.11 (Written by Avery Lee, http://www. 
virtualdub.org) and the on-screen measurement tool 
Screen Ruler Vl.O.la (http://www.caveworks.net). 

Myogenic motor evoked potentials 

Animals were anesthetized with ketamine (80 mg/kg i.p., 
Ketaset, Fort Dodge Animal Health, Overland Park, KS, 
USA). Myogenic motor evoked potentials (MEPs) were 
elicited by transcranial electrical stimulation (with a 
pulse duration of 1 ms at 7 mA using a DS3 constant 
current isolated stimulator (Digitimer LTD., Welwyn 
Garden City, UK) of the motor cortex using two percutan- 
eously placed 30G stainless steel stimulation electrodes. 
Responses were recorded from the gastrocnemius muscle 
using 30G platinum transcutaneous needle electrodes 
(distance between recording electrodes approximately 1 
cm; Grass Technologies, Astro-Med, Inc., West Warwick, 
RI, USA). Recording electrodes were connected to an ac- 
tive headstage (3110 W Headstage, Warner Instruments 
LLS, Hamden, CT, USA) and signal amplified using a 
DP-311 differential amplifier (Warner Instruments LLS). 
An amplified signal was acquired by the PowerLab 8/30 
data acquisition system (AD Instruments, Inc., Colorado 
Springs, CO, USA) at a sampling frequency of 20 kHz, 
digitized and stored in a PC for analysis. MEPs were mea- 
sured until the three to five highest (stable) recorded po- 
tentials were similar. Those traces were averaged per 
animal and multiplied by one thousand (uV; all values >1). 
Next, for data normalization, a logarithmical transform- 
ation was applied for further analysis (amplitudes of MEP 
traces tended to vary much more in animals with higher 
MEPs amplitudes). 

Measurement of muscle spasticity 

At 1.5 weeks and 2 months post-injury, the presence of 
muscle spasticity in the lower extremities was measured 
using a previously described system [39]. Briefly, fully 
awake animals were placed in a restrainer and a hind- 
paw was taped to a rotational metal plate driven by a 
computer-controlled stepping motor. The metal plate is 
interconnected loosely to the 'bridging' digital force 
transducer (LCL454G, 0-454 g range; Omega, Stamford, 
CT, USA). The resistance of the ankle to dorsiflexion 
was measured during stepping motor-driven ankle dor- 
siflexion (40°; MDrive 34 with onboard electronics; mi- 
crostep resolution to 256 microsteps/full step; Intelligent 
Motion Systems, Marlborough, CT, USA) at three diffe- 
rent ankle-rotational velocities (40, 60 or 807second). 
The electromyography (EMG) signal was recorded from 
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the ipsilateral gastrocnemius muscle during the same 
time frame. To record EMG activity, a pair of tungsten 
electrodes was inserted percutaneously into the gastro- 
cnemius muscle 1 cm apart. EMG signals were bandpass 
filtered (100 Hz to 10 kHz) and recorded before, during, 
and after ankle dorsiflexion. EMG responses were re- 
corded with an alternating current-coupled differential 
amplifier (model DB4; World Precision Instruments, 
Sarasota, FL, USA). EMG was recorded concurrently 
with ankle resistance measurements, both with a sample 
rate of 1 kHz. Both muscle resistance and EMG data 
were collected directly to the computer using custom 
software (Spasticity version 2.01; Ellipse, Kosice, Slovak 
Republic). Each recorded value was the average of three 
repetitions. The presence of spasticity response was 
identified as an increased ankle resistance and concur- 
rent increase in recorded EMG activity during com- 
puter-controlled ankle dorsiflexion. To measure the 
contribution of the 'mechanical' component in the mea- 
sured resistance (that is, caused by ankle ankylosis in 
chronically paraplegic animals), animals were anesthe- 
tized with isoflurane at the end of each recording session 
and the relative contribution of the neurogenic (that is, 
isoflurane-sensitive) and the mechanical (that is, iso- 
flurane non-sensitive) component identified. The magni- 
tude of the anti-spasticity effect was then expressed as 
the maximum possible anti-spasticity effect measured 
under isoflurane anesthesia minus the value of the me- 
chanical component. 

Sensory testing 

Recovery of sensory function was assessed through 
quantification of supraspinal above-level' escape res- 
ponse (AL-ER; that is, an escape or escape-attempt with 
incorporation of the forelimbs) thresholds to 1) a gra- 
dually increasing force to the hind paws (using the 
Analgesy-Meter, no disc weights added; Cat# 37215, 
Ugo-Basile, Collegeville, PA, USA), and 2) AL-ER laten- 
cies to a constant heat stimulus (intensity 17, cut-off at 
30 seconds) to the hind paws (using a constant infrared 
heat source; Cat# 37360, Ugo-Basile,). The hind paw 
tested was gently restrained by the investigator to pre- 
vent withdrawal. For the heat perception test the appar- 
atus was switched on >15 minutes prior to testing, to 
allow it to warm up. 

For the AL-ER tests, both hind paws were tested four 
times, alternately, for each test, with a testing interval 
of >1 hour. No more than four measurements per day 
were performed, rendering two testing days per test. 
Maximum cut-off values for the stimuli or latency were 
at approximately two times that of the response thresh- 
old of uninjured animals, to prevent tissue damage. Prior 
to (one week) and during the experimental period, the 
animals are extensively habituated to the experimenter 



so that the animals can be held upright (loosely) during 
all sensory assessments. Habituation consists of picking 
the animal up and holding/handling it twice daily for >3 
minutes. Subsequently, in the absence of a stimulus, 
animals only rarely showed escape behavior when held 
for the time it would take to reach cut-off values. We 
measured the AL-ER thresholds/latencies before injury 
(baseline) and every second week after injury. The final 
measurement was done at eight weeks post-injury. Two 
or less (out of the total of eight, bilateral) measurements 
could manually be assigned as outliers and be excluded 
per time point (done while blinded for time point, ani- 
mal, and treatment group). In addition, individual scores 
were log transformed before analysis and we calculated 
the Maximal Possible Effect, using these log scores, as 
previously suggested [40]. Hence, we used the standard 
formula to calculate the Maximal Possible Effect, and as- 
suming a logarithmic relation between stimulus intensity 
and perceived intensity: 

x log(xf ina i)-\og(xfi na i 0 f SCCI control animals) 

log (x baseline of SCCI animals) — log(<* final of SCCI control animals) 

Here, x y is the average AL-ER threshold of an individ- 
ual animal at time point y (either for a thermal or mech- 
anical stimulus). 

Magnetic resonance imaging 

Eight weeks after cell grafting, rats were deeply anesthe- 
tized with 2 mg pentobarbital and 0.25 mg phenytoin 
(0.5 mL of Beuthanasia-D, Intervet/Schering-Plough 
Animal Health Corp., Union, NJ, USA) and transcar- 
dially perfused with 200 ml of heparinized saline fol- 
lowed by 250 ml of 4% paraformaldehyde (PFA) in PBS. 
A 3 cm piece of the vertebral column (Th8-Ll) was 
placed in a tight small latex container filled with 4% PFA 
to prevent the formation of air bubble/tissue interface 
artifacts. Samples were scanned using Magnetic Reson- 
ance Imaging (MRI). Images were acquired using a 7 
Tesla Bruker (Bruker Biospin Billerica, MA, USA) hori- 
zontal bore small animal magnet and a 2.5 cm imaging 
volume transmit/receive coil. A 3D turboRARE se- 
quence was used with the following imaging parameters: 
echo time/repetition time 45/1500 ms, flip angle 180 
degrees, field of view 16 x 16 x 16 mm, matrix 256 x 
256 x 70 with a resulting voxel size of 62 x 62 x 229 mi- 
crons. The imaging time was 84 minutes per sample. 

Volume reconstructions and calculations were done 
using Amira software (Visage Imaging GmbH, Berlin, 
Germany). 

Axon counting in plastic semi-thin sections 

After MRI imaging, spinal cords were dissected from the 
spine and a transverse (1.5-mm-thick) spinal cord block 
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cut from the injury epicenter and prepared for plastic 
embedding as previously described [41]. Briefly, dis- 
sected tissue blocks were treated with 0.1% osmium tet- 
roxide in 0.1 M non-saline phosphate buffer (pH 7.4) for 
12 hours, followed by adequate rinsing in non-saline 
phosphate buffer. This was followed by progressive alco- 
hol dehydration according to standard procedures up to 
100% ethanol, with the addition of further dehydration 
in a 1:1 solution of ethanol/propylene oxide, and lastly 
in 100% propylene oxide. Dehydrated blocks were then 
prepared for resin infiltration by incubation in a 1:1 so- 
lution of resin/propylene oxide on a rotator in a fume 
hood overnight. The resin solution used consisted of: 
Eponate 12, Araldite 502, dodecenyl succinic anhydride, 
and 2,4,6-tri (dimethylamino-methyl) phenol (DMP-30; 
Ted Pella, Inc., Redding, CA, USA), mixed in ratios of 
10:10:25:1, respectively. The blocks were then trans- 
ferred to 100% resin for subsequent overnight infiltration 
on a rotator. Finally, the tissue blocks were embedded 
using fresh resin in multi-chamber silicone rubber molds 
made from a Silastic® E RVT Silicone Rubber Kit (Dow 
Corning Corp., Midland Township, MI, USA). The molds 
with embedded sections were placed in an oven at 60°C 
for 1 day to facilitate resin polymerization. Semi-thin (1 
(im) transverse sections were then cut using a microtome 
(Leica Supercut RM 2065) with a 8 -mm diamond knife 
(Histo Diamond Knife, Cat# LM 7045, DiATOME, 
Hatfield, PA, USA). The sections were mounted on slides 
with distilled water and allowed to dry on a slide warmer. 
Prior to staining, the slides were incubated at 60°C in an 
oven for 10 to 15 minutes and then contrast-stained with 
4% para-phenylene-diamine (PPD). 

Mosaic images were taken of two sections per animal 
at 20X using a Zeiss Imager. M2 fitted with a Zeiss 
MRm camera (Carl Zeiss Microscopy, Thornwood, NY, 
USA), a BioPrecision2 stage (Cat# 96S100, Ludl Elec- 
tronic Products, Hawthorne, NY, USA), and Stereo Inves- 
tigator software (MBF Biosciences, Williston, VT, USA). 
Complete mosaic images were loaded into ImageJ 1.45s. 
Axonal quantification involved manual definition of pixel 
threshold (0 to 255, grayscale; using the Triangle method). 
Next, Imagejs Analyze Particles option was used to find 
particles with a size of 0.20 to 250 [im 2 and a circularity of 
0.5 to 1.0 (which corresponded to axons). All acquisition 
and analysis values were held consistent throughout the 
study. Final measurements acquired were the minimal 
diameter (Ferets) of each particle (and particle counts). 
Particles with a minimum diameter >10 (im were ex- 
cluded. Employment of this parameter allowed for fur- 
ther axonal analysis, in which axons were divided into 
empirically-derived caliber sizes of small, medium, and 
large axons (0.3 to 1.0 |im, 1.0 to 2.5 |im, and 2.5 to 10 
(im, respectively). Data were acquired per spinal region 
(that is, dorsal, ventral, and lateral funiculi). 



Immunofluorescence staining 

After removing the 1.5 mm block from the spinal cord 
at the injury epicenter, the remaining caudal and rostral 
parts of the spinal cord (±1 cm each) were placed in 
30% sucrose for cryoprotection for a minimum of five to 
seven days. Transverse spinal cord sections were then 
prepared from the L6 segment. The segment(s) in be- 
tween the L6 and the injury epicenter and the one ros- 
tral to the injury epicenter were sectioned coronally and 
used for identification of grafted human cells. All sec- 
tions were cut on a cryostat and stored free-floating in 
PBS with thimerosal (0.05 wt%). Sections were stained 
overnight at 4°C with primary human-specific (h) or 
non-specific antibodies in PBS with 0.2% Triton X-100: 
mouse anti-nuclear mitotic apparatus (hNUMA, 1:100; 
Millipore, Billerica, MA, USA), mouse anti-neuron spe- 
cific enolase (hNSE, 1:500; Vector Labs, Burlingame, 
CA, USA), mouse anti-synaptophysin (hSYN, 1:2,000; 
Millipore), rabbit anti-glial fibrillary acidic protein 
(hGFAP, 1:500; Origene, Rockville, MD, USA), mouse 
anti-neuronal nuclei (NeuN, 1:1,000; Millipore), chicken 
anti-GFP (1:1,000; Aves Labs, Tigard, OR, USA), rabbit 
anti-anti-glutamate decarboxylase 65 and 67 (GAD65 
and 67; 1:300; Millipore), mouse anti-GFAP (Cy3-labeled; 
1:500; Sigma- Aldrich; St. Louis, MO, USA), rabbit 
anti-Ki67 antibody (mitotic marker, 1:100; Abeam, 
Cambridge, MA, USA), goat anti-doublecortin (DCX, 
1:1000, Millipore), goat anti-choline acetyltransferase 
(CHAT, 1:50, Millipore/Chemicon), and rat anti hu- 
man axonal neurofilament antibody (hH014; 1:100; 
gift from Dr. Virginia Lee; University of Pennsylvania, 
Philadelphia, PA, USA). Mouse anti-growth associated 
protein 43 (GAP43, 1:16,000; Millipore), rabbit anti- 
calcitonin gene-related peptide (CGRP, 1:1,000; Biotrend, 
Destin, FL, USA), and rabbit anti-ionized calcium binding 
adaptor molecule 1 (Ibal, 1:1,000; Wako, Richmond, 
VA, USA), were used on the L6 transverse sections. 
Following washing in PBS for three to five minutes, 
sections were incubated with fluorescent-conjugated 
secondary donkey antibodies (Alexa® Fluor 488 & 647; 
1:500; Jackson Immuno Research, West Grove, PA, 
USA; and Alexa® Fluor 555, 1:500; Invitrogen, Carlsbad, 
CA, USA). Sections were then mounted on slides, dried 
at room temperature, and covered with Prolong anti- 
fade kit (Invitrogen). 

Confocal images (1024 x 1024 pixels) were captured 
with a Fluoview FV1000 microscope (Olympus, Center 
Valley, PA, USA) with a 20X or 40X objective, optical 
section spacing of 0.5 (im, and pulse speed of 20 \isec/ 
pixel. Other images were taken using the Zeiss Imager. 
M2 setup as described above, using a 10, 20 or 63X 
magnification. CGRP, GAP43, and Ibal stainings on L6 
transverse sections were quantified using densitometry 
measurements of the main dorsal horn region (Laminae 
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I through IV; area as marked in Figure 2B). Image J soft- 
ware was used for quantification by using the Back- 
ground Subtraction function. 



Statistical analyses 

Behavioral data were analyzed using analysis of variance 
(ANOVA) one-way, or two-way group x time repeated 
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Figure 2 Significant decrease in the dorsal horn CGRP immunoreactivity caudal to the injury epicenter in SCI-HSSC-treated versus 
SCI-control animals. CGRP- (A), GAP-43- (B), and Ibal- (C) immunoreactivity in the dorsal horns (DH) caudal of the injury epicenter at two 
months after L3 SCI. The region of interest (ROI) was defined as outlined in B and C (left panels, red dotted line). A: The quantitative densitometry 
analysis of CGRP-immunostained images in the dorsal horns of SCI-HSSC-treated animals (A2) showed significantly decreased CGRP expression 
when compared to SCI-control animals (A1). B, C: The dorsal horn GAP-43 or Ibal immunoreactivity was not significantly different between 
experimental groups. (A - C: data expressed as mean ± SEM; student f-tests). (Scale Bars: A - C: 500 urn). CRGP, calcitonin gene-related peptide; 
GAP-13, growth associated protein 43; HSSC, human fetal spinal cord-derived neural stem cells; Ibal, ionized calcium binding adaptor molecule 1; 
SCI, spinal cord injury. 
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measures, using a fixed-effect model, and a Bonferroni 
post hoc test for multiple comparisons). A P value of 
0.05 was considered significant. Unequal variances were 
explored prior to using ANOVA analyses using the 
Bartletts test, but were not identified. Post hoc tests were 
only calculated if overall group differences were found. 
Results are expressed as means with the standard error 
of the mean (SEM). To analyze differences between the 
two groups (for example, vehicle injected versus non- 
injected SCI animals), we used Students t- tests (unequal 
variances were explored with the F-test, but not found) 
or repeated measures ANOVA. Naive and sham oper- 
ated animals were grouped (and named non-injured') in 
all outcomes besides the sensory tests. All statistical ana- 
lyses were done using GraphPad Prism (La Jolla, CA, 
USA), SPSS statistics 17 (for K-Means clustering; IBM, 
Armonk, NY, USA), or STATA 12 (for precise post-hoc 
test P-value calculations; StataCorp LP, College Station, 
TX, USA) and performed two-tailed. 

Results 

General animal health and survival of animals during 
long-term immunosuppression 

From the total of 35 SCI Sprague-Dawley rats employed 
in this study, 32 survived until planned sacrifice while 
continuously immunosuppressed; 14 NSI-566RSC-injected 
(1 excluded because of automutilation of hind paw on day 
two post-injury), 10 vehicle-injected, 8 non-injected 
(2 excluded, 1 because of automutilation of hind paw 
on day 7 post-injury and 1 because of excessive body 
weight loss on post-injury day 18 (likely related to 
immunosuppression-related toxicity)). In four surviving 
animals, lower extremity ulcers developed but were ef- 
fectively treated with local standard triple antibiotic 
ointment (bacitracin, neomycin, and Polymyxin B) and 
cohesive bandages. In most animals, the Credes man- 
euver needed to be performed for three to five days 
after spinal trauma (exceptions: three animals in the 
NSI-566RSC-injected group and two animals in the 
non-injected SCI-control group, of which one died due 
to health issues; see above). No additional worsening 
(that is, a lowering in open-field locomotor scores at 
one day post-grafting, compared to pre-grafting values) 
was noted in intraspinal media- or cell-injected animals. 

Spinal injection procedure did not alter neurological 
outcome in previously L3-contused rats 

In order to define the effect of spinal injection itself in 
modulating the functional recovery profile (that is, po- 
tential worsening in neurological outcome) in L3- injured 
animals, we first compared the effect of spinal media in- 
jection only with spinal injury animals that received no 
injections (10 vehicle-injected and 8 non-injected SCI 
animals). No significant differences were found between 



these two groups in any of the neurological or electro- 
physiological outcome measures used in this study (re- 
peated measures ANOVA for open field locomotor 
scores; Students £-test for others). Based on these data, 
which showed no significant differences between both 
control groups, these two groups were then pooled into 
one control group and used for subsequent comparison 
with HSSC-grafted animals. 

Assessment of motor function 

Gait analysis showed significant improvement in hind paw 
placement in SCI-HSSC-grafted animals 

Gait analysis was conducted at eight weeks after grafting 
(or corresponding time point in controls) using the 
Cat Walk apparatus [42]. The following parameters were 
analyzed: I) runway crossing time, II) rostro-caudal 
hindpaw positioning, III) hind paws base of support, IV) 
regularity index/coordination, V) stride length, and VI) 
phase dispersions. 

Rostro-caudal hindpaw positioning (RCHPP) 

In control non-injured animals, the RCHPP was 0 ± 1.7 
mm (that is, the animals are able to achieve a near 
complete overlap in the hindpaw positioning relative to 
the last ipsilateral frontpaw print; full rostro-caudal 
overlap is represented by a value of '0'). Rats receiving 
spinal HSSC grafts showed significantly better RCHPP, 
when compared to control SCI animals (-9.0 ± 1.9 ver- 
sus -18.2 ± 3.1 mm, respectively, Figure 3 A; Bonferroni: 
P = 0.04). Examples of the paw positioning are shown in 
Figure 3B for a non-injured control, SCI control, and a 
HSSC-treated SCI animal (Figure 3-B1, -B2, and -B3, 
respectively). 

No significant differences were detected in other 
CatWalk parameters (runway crossing time, hind paws 
base of support, regularity index/coordination, stride 
length, phase dispersions), myogenic MEPs, or behav- 
ioral motor tests (open field locomotor score (modified 
BBB score, and regular BBB scores), single-frame motion 
analysis or ladder climbing test) (see Additional file 1: 
Figure S1A-D). 

Effective suppression of muscle spasticity in HSSC-grafted 
SCI animals 

To identify the presence of spasticity (that is, potent- 
iation in muscle stretch-evoked EMG activity) in animals 
after SCI, a computer-controlled ankle-rotational force 
was applied on the right or left paw in fully awake re- 
strained animals and the resulting change in EMG acti- 
vity in the gastrocnemius muscle and correlative ankle 
resistance was measured [39]. 

Independent of SCI group (control or HSSC-injected), 
two quantitatively different EMG patterns and corre- 
sponding resistance response (EMG/RES) patterns were 
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Figure 3 Improvement in hind paw positioning and muscle spasticity in SCI animals grafted with HSSC. A: CatWalk gait analysis of hind 
paw positioning at two months after treatment. In comparison to SCI control animals, a significant improvement was seen in HSSC-grafted 
animals. B1-B3: An example of paw step images taken from the CatWalk software in naive (B1), SCI-control (B2) and SCI-HSSC-treated animals 
(B3). Note a large paw footprint overlap between the front and hind paws in naive animals (B1) but a substantial dissociation in footprint overlap 
in SCI controls (B2). An improvement in paw placement in SCI-HSSC-treated animals can be seen (B3). C: Statistical analysis showed significant 
suppression of spasticity response (expressed as a muscle resistance ratio: values at two months versus seven days post injury in 'HIGH spasticity' 
HSSC-treated animals if compared to 'HIGH spasticity' controls). D: To identify the presence of muscle spasticity in fully awake animals, the 
hind-paw ankle is rotated 40° at a velocity of 80Ysecond. Spasticity is identified by exacerbated EMG activity measured in the gastrocnemius 
muscle and corresponding increase in muscle resistance. In control SCI animals with developed spasticity (that is, 'high spasticity'/HIGH group), no 
change in spasticity response if compared to seven days post-vehicle injection was seen at two months (compare D1 to D3). In contrast to SCI 
control animals, a decrease in spasticity response was seen in SCI-HSSC-treated animals at two months after cell injections (compare D4 to D6). 
To identify mechanical resistance, animals are anesthetized with isoflurane at the end of the recording session and the contribution of 
mechanical resistance (which is, isoflurane non-sensitive) is calculated. (D2, D5: data expressed as mean ± SEM; one-way ANOVAs). ANOVA, 
analysis of variance; EMG, electromyography; HSSC, human fetal spinal cord-derived neural stem cells; SCI, spinal cord injury; SEM, standard error 
of the mean. 



recorded in spinally-injured animals. First, if compared 
to control non-injured animals, little or no change in 
EMG/RES response was seen at 1.5 weeks after SCI. Se- 
cond, SCI induced an increased spasticity response in a 
portion of the animals at 1.5 weeks after injury. A K- 
Means clustering method was used to group all 44 (SCI 
and non-injured) animals into two groups based on the 
magnitude of resistance to ankle rotation at 1.5 weeks 
post-injury (or equivalent time point in non-injured ani- 
mals). Seven animals of each SCI group (that is, control 
or HSSC-injected) were found to be clustered in the 
high spasticity' group (HIGH), which had a 31.7 ± 3.9 g 
increase in measured muscle resistance during ankle rota- 
tion, compared to the low spasticity' group (LOW) show- 
ing 8.9 ± 1.5 g resistance (Students £-test: P <0.0001). No 
difference in the incidence of this high spasticity' response 



was noted between SCI control versus cell-treated groups 
(incidence: X 2 : P = 0.53; extend: Students £-test: P = 0.24). 
No naive or sham operated animals were found to be clus- 
tered in the HIGH group. Resistance to ankle rotation 
measured eight weeks after treatment (and expressed as 
relative change from 1.5 weeks post-injury values) showed 
a significant decrease in the HSSC-injected HIGH resist- 
ance group when compared to HIGH resistance animals 
from the control SCI group (Figure 3C; that is, decline of 
24.8 ± 6.4 g in HSSC-injected animals and 4.8 ± 6.3 in 
control SCI animals; Bonferroni: P = 0.048). 

Figure 3D shows an example of raw data depicting a 
post injury EMG response (red channel) and corre- 
sponding increase in muscle resistance (black channel) 
during ankle rotation in a SCI-control (Figure 3-D 1-3) 
and a HSSC-injected animal (D4-6) at seven days after 
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treatment and at the end of the eight-week survival 
Clear suppression of potentiated EMG response and 
muscle resistance can be seen in HSSC-treated animals 
(compare D4 to D6). To identify and dissociate neu- 
rogenic (that is, isoflurane-sensitive) versus mechanical 
(that is, isoflurane non-sensitive) components, muscle 
resistance was re-measured after isoflurane anesthesia 
and the relative contribution of the mechanical compo- 
nent calculated. The induction of isoflurane anesthesia 
almost completely blocked the ankle rotation-evoked 
EMG response and resulting increase in muscle resist- 
ance (D2, D5). 

Assessment of sensory functions 

Analysis of mechanical and thermal sensory function 
was performed by comparing hindpaw thresholds im- 
provements of evoked above-level/supra-spinal with- 
drawal responses (that is, an escape response in which 
the frontlimbs and/or vocalizations are used) between 
experimental groups over several time points. Groups 
consisted of naive control, sham operated control, SCI- 
control, or SCI-HSSC-injected animals. Response thres- 
holds were measured before injury and every second 
week thereafter. No differences were measured between 
naive and sham-operated animals at any time point in 
response thresholds to both mechanical and thermal 
stimuli (repeated measures ANOVA). 

HSSC treatment led to a significant improvement in the 
supraspinal perception to mechanical stimuli evoked 
below the level of injury 

Prior to injury, no differences in mechanical thresholds 
to trigger escape responses were measured between all 
four experimental groups (on average 92 ± 2 g). After 
SCI, the thresholds increased significantly in both SCI- 
control and SCI-HSSC-injected animals compared to con- 
trol non-injured groups, at all time points (Bonferroni; 
P <0.001). From four weeks post injury, SCI-HSSC- 
injected animals displayed a trend towards progressive 
improvement in response thresholds if compared to 
SCI controls (at eight weeks: 177 ± 10 g and 216 ± 10 g, 
respectively; Figure 4A; repeated measures ANOVA: 
P = 0.14). This resulted in a significantly higher percent- 
age of the maximal possible effect for improvement of 
mechanical stimulus perception in SCI-HSSC-injected 
animals compared to SCI-control animals (Figure 4C; 
Students £-test: P = 0.03). 

Treatment with HSSC was associated with significant 
recovery of supraspinal heat perception evoked below 
the level of injury 

Prior to SCI, measurement of thermal (infrared) stimu- 
lus-evoked paw withdrawal threshold showed no signifi- 
cant differences among all experimental groups (17.3 ± 
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Figure 4 Amelioration of hypoesthesia in SCI-HSSC-grafted 
animals. Baseline and biweekly assessments of perceptive 
thresholds for (A) mechanical and (B) thermal stimuli, applied below 
the level of injury, showed a trend towards progressive recovery in 
SCI-HSSC-grafted animals. C: When expressed as percentages of the 
maximal possible effect for mechanical and thermal perceptive 
thresholds improvements, SCI-HSSC-treated animals showed 
significant improvements in sensory function for both mechanical 
and thermal components. (A-C: data expressed as mean ± SEM; A-B: 
repeated measures ANOVAs; C: Student t-tests). ANOVA, analysis of 
variance; HSSC, human fetal spinal cord-derived neural stem cells; 
SCI, spinal cord injury; SEM, standard error of the mean. 
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0.3 seconds; one-way ANOVA). At two weeks post SCI, 
significant increases in paw withdrawal latencies in both 
the control SCI group and in SCI animals receiving 
spinal HSSC grafts were measured, when compared to 
control non-injured (sham operated and naive) groups 
(26.1 ± 0.7 seconds in SCI-control animals and 26.5 ± 
0.7 seconds in HSSC-grafted animals versus 18.3 ± 
0.2 seconds in control non-injured animals; Figure 4B; 
Bonferroni: P < 0.001). 

From four weeks after treatment a trend towards a 
progressive normalization in response threshold was 
seen in HSSC-treated animals if compared to SCI con- 
trols (at eight weeks: 24.0 ± 0.9 seconds in SCI-control 
and 21.4 ± 0.9 seconds in HSSC-injected animals, re- 
spectively; repeated measures ANOVA: P = 0.09). This 
resulted in a significantly higher percentage of the max- 
imal possible effect for the improvement of thermal 
stimuli in SCI-HSSC-injected animals compared to SCI- 
control animals (Figure 4C; Students £-test: P = 0.02). 



Postmortem spinal cord MRI showed a cavity-filling effect 
by grafted cells in HSSC-injected animals 

For lesion volume analyses, a 3-cm long portion of the 
fixed spinal column was dissected out, kept in 4% PFA 
and imaged using a 7 Tesla MRI magnet. The primary 
goal of this analysis was to generate quantitative data on 
the cavity-filling effect by grafted cells and to assess the 
extent of rostro-caudal cavitation in vehicle-injected ver- 
sus HSSC-injected animals using quantitative volume 
analysis (Figure 5). In vehicle-injected animals, the pres- 
ence of fluid-filled cavities was readily identified as the 
presence of homogenous white areas and scarring as 
black areas (Figure 5B1; compare with non-injured: 
Figure 5C). In contrast, in animals receiving cell injec- 
tions, the cavity was partially or completely filled with 
grafted cells as evidenced by the presence of low density 
tissue masses (Figure 5A1). The identity/presence of 
grafted cells in the 'low density tissue masses' was fur- 
ther validated by analysis of semi-thin plastic sections 




Figure 5 Effective cavity-filling effect by transplanted cells in SCI HSSC-injected animals. At the end of the two-month post-treatment 
survival, animals were perfusion fixed with 4% PFA, the spinal column dissected and MRI-imaged in situ before spinal cord dissection for further 
histological processing. A, B: Three-dimensional MRI images of spinal cord segments in animals with previous traumatic injury and treated with 
spinal HSSC (A) or media (B) injections. Note the near complete injected-cells cavity-filling effect in HSSC-treated animals. Al, A2, B1, B2: To 
validate the presence of grafted cells or cavitation at the epicenter of injury, the same region was histologically processed, semi-thin plastic 
sections prepared and compared to the corresponding MRI image (compare A1 to A2 and B1 to B2). C: Two-dimensional MRI image taken from 
a naTve-non-injured animal. D: Quantification of the cavity and scar volume from serial MRI images showed significantly decreased cavity and scar 
volumes in SCI-HSSC-injected animals if compared to media-injected SCI controls. (D: data expressed as mean ± SEM; Student f-tests), (Scale Bars: 
A, B: 5 mm; A1, A2, B1, B2, C: 3 mm). HSSC, human fetal spinal cord-derived neural stem cells; MRI, magnetic resonance imaging; PFA, 
paraformaldehyde; SCI, spinal cord injury; SEM, standard error of the mean. 
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taken from the same region (compare Figure 5A2 which 
depicts the presence of cell grafts versus extensive cavity 
in Figure 4B2). Figure 5 A shows a three-dimensional 
reconstruction image of a cell-injected animal (areas 
identified as grafted cells are labeled green). Figure 5B 
shows a SCI-control (media-injected) animal with cav- 
ity labeled in light-green-yellow. 

Quantification of the cavity volume showed a sig- 
nificantly larger injury-induced cavity in SCI-control 
animals than in HSSC-injected animals (3 ± 0.4 mm 3 
versus 0.6 ± 0.2 mm 3 , respectively; Figure 5D; Students 
£-test: P <0.0001). Similarly, the scar volume seen in 
SCI-control animals was larger than in cell-injected ani- 
mals (3.3 ± 0.3 mm 3 versus 1.9 ± 0.3 mm 3 , respectively; 
Students £-test: P <0.001). 

To assess the potential excessive grafted cell prolifera- 
tion and resulting spinal cord tissue expansion, we next 
compared the total volume (that is, the volume of the 
remaining spinal cord, scar, cavity, and/or grafted cells) 
of the cell-grafted spinal cord segments with the corre- 
sponding segments of the control animals. The mea- 
sured volumes were: 71.8 ± 3.2 mm 3 in non-injured 
control animals, 54.6 ± 2.8 mm 3 in SCI-control ani- 
mals, and 59.0 ± 2.2 mm 3 in SCI-HSSC-injected ani- 
mals (Students £-test: P = 0.27; SCI-control versus 
SCI-HSSC-injected animals). 

Survival, maturation and integration of grafted HSSC 

To identify the presence of human cells in the rodent 
spinal cord tissue, two different immunostaining/analy- 
tical methods were used. First, eGFP-tagged grafted cells 
were identified by the presence of GFP autofluorescence/ 
immunoreactivity and then co-stained with neuronal and 
non-neuronal markers. Second, a set of human-specific 
antibodies was first used to validate the presence of 
human cells and then combined with other human-non- 
specific neuronal or non-neuronal antibodies. 

Staining with anti-GFP, -NeuN (neuronal marker) and - 
human-specific synaptophysin antibody showed a near 
complete repopulation of the compression-induced lesion 
cavity by grafted GFP + cells (Figure 6A-yellow dotted 
area). A comparable spinal injury-cavity filling by grafted 
cells was seen after grafting with eGFP or non-labeled 
HSSC as evidenced by the presence of dense hNUMA- 
immunoreactive grafts (Figure 6 A inserts). Analysis of 
axo-dendritic sprouting from grafted GFP+ cells showed 
that extensive rostro-caudal neurite sprouting was particu- 
larly well-developed in the lateral white matter (Figure 6B). 
In addition, numerous GFP+ axons branching from 
innervated lateral funiculi and projecting towards a- 
motoneurons and interneurons were identified (Figure 6B; 
insert). Triple staining with NeuN, hSYN and GFP anti- 
body showed a high density of hSYN punctata in GFP+ 
innervated regions (Figure 6C - yellow arrows) as well 



as in the vicinity of endogenous NeuN+ neurons. Stain- 
ing with hNUMA, hNSE and DCX antibody revealed 
that the majority of hNUMA+ grafted cells were DCX 
or DCX/hNSE immunoreactive (Figure 6A - insert; 
Figure 6D). Probing for glial phenotype in grafted cells by 
double staining with hNUMA and hGFAP or hNUMA 
and OHg2 antibody revealed well-developed groups of 
hGFAP+ astrocytes. These GFAP+ cell populations were 
primarily found in the white matter or at the periphery 
of individual DCX/hNSE + grafts (Figure 6E). Less than 
2% of hNUMA+ cells showed OHg2 immunoreactivity 
(Figure 6F; yellow arrows). To assess the presence of 
mitotically active grafted cells, sections were double- 
stained with hNUMA and Ki67 antibody. An estimated 
0.5% to 1% of hNUMA+ cells were Ki67 positive. These 
double hNUMA/Ki67+ cells were regularly distributed 
throughout the grafted regions but no cluster (s) -like 
formations of hNUMA/Ki67+ cells were seen in any 
animal (Figure 6G; yellow arrows). 

Confocal analysis of spinal cord sections triple- 
stained with hSYN, GFP and NeuN antibodies showed 
numerous hSYN punctata colocalizing with GFP+ pro- 
cesses. Several hSYN punctata were found to reside in 
the vicinity of interneuronal and/or a-motoneuronal 
membranes (Figure 7A; inserts; white arrows). Probing 
for the presence of GAD65/67+ terminals derived from 
grafted neurons by using triple stained GAD(65/67)/ 
GFP/NeuN sections and confocal microscopy showed 
the presence of GFP/GAD65/67+ terminals in the 
vicinity of a-motoneuronal membranes (Figure 7B; 
white arrows). 

Normalization of CGRP expression in L6 dorsal horns in 
SCI-HSSC-treated animals 

To analyze changes in the spinal expression of putative 
central pain neuromodulators/indicators, including CGRP, 
GAP43 and Iba-1 [43,44], we next stained transverse L6 
sections (that is, below-injury-level region) with respec- 
tive antibodies at eight weeks after treatment (Figure 2A, 
B, C). Densitometry analysis showed that CGRP immuno- 
reactivity was significantly reduced in SCI-HSSC-treated 
animals (Figure 2 A2) when compared to SCI-controls 
(Figure 2 Al; Students £-test: P = 0.04). We did not find 
significant group differences in IHC staining inten- 
sities of either GAP43 or Ibal (Figure 2B, C; Students 
£-test: P = 0.58 and P = 0.24, respectively). 

Quantitative assessment of axonal survival in the 
epicenter of injury using semi-thin plastic sections 

For quantitative analysis of axonal survival, a transverse 
spinal cord block taken from the injury epicenter was 
used. Using osmium/p-phenylenediamine-stained semi- 
thin (1-^m-thick) plastic sections, the total number of 
axons (divided into three subgroups based on the axonal 
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Figure 6 Survival, differentiation and extensive axonal outgrowth from spinally grafted HSSC. A: Grafted GFP+ or hNUMA+ cells can be 
seen almost completely filling the lesion cavity at eight weeks after grafting (yellow dotted area; inserts). B: Detail from 'A' depicting a dense GFP+ 
neurite network in the lateral funiculus (LF) and with numerous axons projecting towards a-motoneurons and interneurons in the gray matter (insert). 
C: In areas with a dense GFP+ axodendritic network, clear hSYN immunoreactivity associated with GFP+ processes can be detected (yellow arrows). 
D: The majority of grafted hNUMA+ cells showed development of the neuronal hNSE/DCX+ phenotype. E, F: A subpopulation of grafted hNUMA+ 
cells showed the astrocyte (hGFAP+) and oligodendrocyte (Olig 2) phenotype (F; yellow arrows). G: Using mitotic marker Ki67, regularly distributed 
hNUMA/Ki67+ grafted cells were identified (yellow arrows). (Scale Bars: A: 1.5 mm (inserts: 200 urn); B: 600 urn (insert: 75 urn); C: 60 urn; 
D: 20 urn; E-G: 10 urn). HSSC, human fetal spinal cord-derived neural stem cells; SCI, spinal cord injury. 



caliber; 0.3 to 1.0, 1.0 to 2.5, and 2.5 to 10 \im in dia- 
meter) was then counted using ImageJ software. 

Systematic quantification of the total number of mye- 
linated axons counted bilaterally in a control naive 
animal showed 281,352 axons (see Additional file 2: 



Figure S2A). Thirty- three percent was represented by 
small caliber axons, 57% by medium caliber axons and 
10% by large caliber axons. In SCI-control animals, the 
total number of axons was on average 55,137 ± 5,168 
and was 55,340 ± 5,650 in HSSC-injected animals 
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Figure 7 Development of putative GABA-ergic synaptic contact between HSSC and the host neurons. A: Confocal analysis of hSYN/GFP/ 
NeuN-stained sections shows numerous hSYN punctata associated with GFP+ processes derived from grafted cells. Some of the hSYN/GFP+ 
terminals were found to be in the vicinity of the host interneurons or a-motoneurons (A; inserts; white arrows). B: Triple staining with GAD65/67/ 
GFP/NeuN antibody showed numerous double-stained GAD65/67/GFP+ terminals residing on or in the close vicinity of lumbar a-motoneurons 
(white arrows). (Scale Bars: A: 150 urn (inserts: 30 urn); B: 20 urn). HSSC, human fetal spinal cord-derived neural stem cells. 



(Students £-test: P = 0.98; Additional file 2: Figure S2B-D). 
Intergroup statistical analysis of the axons at specific di- 
ameters (that is, 0.3 to 1.0, 1.0 to 2.5, and 2.5 to 10 \im) 
showed P-values of 0.88, 0.84, and 0.51 (Students £-tests) 



between SCI-control and SCI-HSSC-grafted animals, 
respectively. Intergroup statistical analysis of the axons 
at specific funiculi (that is, dorsal, lateral, and ventral fu- 
niculi) showed P-values of 0.73, 0.82, and 0.72 (Students 
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£-tests) between SCI-control and SCI-HSSC-grafted ani- 
mals, respectively (see Additional file 2: Figure S2D). Add- 
itional intergroup analyses of axon survival categorized by 
both size and location/funiculus did not show significant 
differences between SCI-control and SCI-HSSC-grafted 
animals (P >036; Students £-tests) (see Additional file 2: 
Figure S2D). 

Discussion 

In the present study, we investigated the treatment effect 
of spinally grafted GMP-grade HSSC in a L3 SCI model 
in rats. 

HSSC were grafted into and around the epicenter of 
the contusion-injured L3 spinal segment at three days 
after spinal trauma in continuously immunosuppressed 
Sprague-Dawley rats. In comparison to control SCI ani- 
mals with no treatment or receiving intraspinal injec- 
tions of media only, the intraspinal grafting of HSSC led 
to a progressive and significant improvement in: I) gait/paw 
placement, II) muscle stretch-induced spasticity, and III) 
mechanical and thermal sensitivity. These behavioral 
benefits were associated with robust graft survival and 
a near complete injury-cavity-filling effect with grafted 
cells and corresponding lack of syringomyelia other- 
wise seen in control SCI cell-non-treated animals. In 
addition, the development of putative GABA-ergic 
synapses between grafted neurons and interneurons 
and/or a-motoneurons of the host were identified. 
These data demonstrate that intraspinal grafting of 
HSSC into an injured spinal cord segment in the acute 
phase of injury represents a safe and effective treat- 
ment modality. This cell-replacement therapy was effect- 
ive in providing qualitatively- and quantitatively-defined 
functional benefits and also led to significant and long- 
term improvement in the structural integrity of previ- 
ously trauma-injured spinal cord segments. 

Rat L3 spinal compression injury model 

In our current study, a lumbar spinal injury was induced 
by a static 35 g pressure exerted on the dorsal surface of 
the L3 spinal segment by using a stainless steel-Teflon 
rod (2.9 mm in diameter). In our preliminary survey' 
study, we found that in this model the 35 g spinal cord 
compression needs to be maintained for a minimum of 
15 minutes to produce a reproducible degree of func- 
tional and histopathologically-defined injury. These data 
indicate that the pathophysiological mechanism leading 
to neuronal/axonal degeneration in this model is primar- 
ily related to the ischemia-induced changes. However, 
interestingly, the histopathological changes in this mo- 
del are characterized by the development of a well- 
delineated cavity found just below the compression site. 
This is in contrast to the pure' ischemia-reperfusion- 
induced spinal injury seen in aortic balloon occlusion 



models in which a selective loss of inhibitory interneu- 
rons is seen in previously ischemia-exposed spinal seg- 
ments in the absence of cavity(s) formation [45,46]. In 
this respect, our current model appears to be similar to 
high velocity (weight drop model) impact injury models 
which show comparable cavity formation in chronic L2 
or L3/4 segment-injured rats [47,48]. Similarly as dem- 
onstrated in the rat weight drop' contusion models 
[49], the development of spinal hyper-reflexia, as evi- 
denced by the presence of exacerbated muscle activity 
evoked by computer-controlled ankle rotation, was seen in 
a subpopulation of injured animals in our current study. 
Importantly, spinal cavity formation and muscle spasticity 
is frequently observed in human patients with a high- 
velocity- impact-induced traumatic SCI [50,51]. 

Rationale for early spinal cell-replacement therapy after 
spinal trauma 

Both experimental and clinical data show that the spinal 
pathological processes following acute spinal injury are 
in part characterized by continuing axonal/neuronal de- 
generation, which can then continue for months to years 
after injury [1,52-55]. It is believed that such an ongoing 
axonal degeneration is, in part, the result of the lack of 
local trophic support associated with loss of neurons/ 
glial cells at and around the injury epicenter. Thus, the 
use of treatment strategies that can replace or supple- 
ment the loss of the local neurotrophic activity and are 
initiated during this acute period should thus lead to a 
measurable treatment effect. Previous studies have dem- 
onstrated that neural stem cells of mouse, rat or human 
origin are a rich source of extracellularly released tro- 
phic factors (such as NGF, BDNF, GDNF, EGF, IGF-1, 
and VEGF) in in vitro cultured cells and that these cell 
populations retain a high level of neurotrophin expres- 
sion after in vivo grafting in naive animals and in a var- 
iety of neurodegenerative models including spinal injury 
and transgenic ALS models [56-61]. In addition, using 
long-term post-grafting survival periods, it was shown 
that following in vivo grafting of neural precursors with 
neurogenic potential into either the spinal cord at nine 
days post spinal cord injury, the brain at three days post 
ischemic insult, or the central nervous system (brain or 
spinal cord) of adult or developing rats, there is the de- 
velopment of functionally and morphologically-defined 
synaptic contacts between grafted neurons and the neu- 
rons of the host [62-64]. 

Based on these characteristics of neural precursors 
(NPCs), the use of NPCs for acute spinal cord grafting 
after trauma serves three purposes. First, it serves to 
provide local trophic support in the areas of previous in- 
jury (provided that grafted cells are able to home and 
survive long-term once grafted into the injured spinal 
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cord milieu) and to minimize or halt the process of pro- 
gressive axonal/neuronal degeneration. Second, it serves 
to provide a cavity-filling effect by replacing previously 
injured-degenerated necrotic tissue and, thus, prevents 
the long-term (or progressive) formation of rostro- 
caudal cavitations (that is, syringomyelia) [55]. Third, by 
the development of synaptic contact with the host 
axons/neurons above and below the injury level it can 
potentially lead to formation of a functional relay through 
the injury site. 

Effect of spinal grafting of HSSC on the recovery of motor 
function and muscle spasticity 

In our current study, a combination of several motor 
performance tests were employed including open field 
modified BBB scoring, Cat Walk gait analysis, inclined 
ladder climbing, single frame hind limb motion analysis 
and myogenic motor evoked potentials to identify the 
degree of motor function recovery after cell grafting. 
The changes in muscle spasticity in lower extremities 
(that is, below the level of injury) were also measured 
using a computer-controlled ankle rotational system 
[39]. The Cat Walk gait analysis showed significantly im- 
proved paw placement in HSSC-injected SCI animals 
when compared to control SCI animals. In addition, a 
significant suppression of an otherwise exacerbated mus- 
cle spasticity response measured during ankle rotation 
was seen in cell-treated animals. However, no improve- 
ments in other functional CatWalk parameters (runway 
crossing time, hind paws base of support, regularity 
index/coordination, stride length, phase dispersions), 
MEPs, BBB score, single-frame motion analysis or ladder 
climbing test) were seen. Consistent with our current 
data, several other studies from different laboratories 
have demonstrated a variable degree of motor function 
recovery after spinal grafting of rodent or human fetal, 
adult or embryonic stem-cell-derived neural precursors 
using a variety of spinal injury models in mice and rat 
[14,29,32,65-72]. Importantly, these data jointly suggest 
that some degree of therapeutic effect can also be 
achieved once cells are grafted during the early post-injury 
period (that is, three to seven days after spinal trauma). 

Effect of spinal grafting of HSSC on the recovery of 
sensory function 

In our study, we assessed the sensory function below the 
level of injury (hind paws) by measuring the mechanical 
and thermal thresholds for supraspinally mediated escape 
behavior. Using this method (in contrast to hindpaw with- 
drawal reflex methods) we did not observe SCI-induced 
hyperalgesia at the hindpaws (below-level), which is in line 
with observations reported from other laboratories 
[73,74]. We did, however, find significant improvement of 
both SCI-induced mechanical and thermal hypoesthesia. 



It is important to note that the sensory thresholds did not 
yet plateau at the end of the two-month survival period. 
We speculate that an additional quantitative and qualita- 
tive improvement in the sensory function would likely be 
seen should a longer post-grafting interval be studied. In 
addition to sensory tests, quantitative analysis of spinal 
parenchymal markers indicative of developing (spinal) 
hypersensitivity (that is, CGRP/GAP43, an indicator of ab- 
errant sprouting of primary sensory neurons [43,70] and 
Ibal staining, a marker of microglia activation [44]) were 
studied and showed a significant decrease in CGRP stain- 
ing intensities in HSSC-treated animals if compared to 
SCI controls. This suggests that the recovery/decrease in 
sensory thresholds observed in our study is not a result of 
aberrant sprouting or microglia activation. Consistent 
with the observations from our study, previous studies 
from other laboratories have demonstrated similar func- 
tional and histopathologically-defined (that is, decrease in 
CGRP staining around the injury site) improvements after 
spinal grafting of fetal-tissue derived human or rodent 
neural or glial-restricted precursors in several mouse or 
rat spinal injury models [65,66,68-70,72,73]. 

Differentiation of grafted cells and mechanism of 
HSSC-mediated therapeutic action 

In our current study, a near pure population of nestin+ 
human fetal spinal stem cells were grafted intraspinally 
at three days after contusion-induced spinal cord injury. 
Analysis of the graft survival at two months after graf- 
ting showed a dense population of grafted hNUMA+ 
cells in grafted previously trauma-injured regions. In 
addition, numerous hNUMA+ cells which migrated out 
of the graft in distances ranging between 2 to 3 mm 
were also seen. Using human-specific antibodies against 
Neuron Specific Enolase and synaptophysin (markers of 
mature neurons), we have also shown that a majority of 
grafted cells developed into a neuronal phenotype. Many 
human specific synaptophysin + boutons were found to 
reside in the vicinity of host neurons. 

Quantitative analysis of the host axon survival in the 
injury epicenter showed no significant sparing effect in 
HSSC-grafted SCI animals versus medium-injected or 
untreated SCI animals. These data suggest that I) the 
majority of, if not all, axons which succumb to patho- 
logical processes resulting from secondary changes post 
injury, such as edema or ischemia, were already lost or 
irreversibly damaged at three days after trauma (that is, 
the time point when the cells were grafted), or II) regional 
cell grafting is not therapeutically effective in providing 
acute neuroprotection. 

Analysis of the neurotransmitter phenotype in grafted 
cells showed the development of putative inhibitory 
GABA-ergic synapses with host neurons. These data 
show that the restoration of the local functional 
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inhibitory circuitry by grafted cells can in part lead to the 
observed functional improvements. While under specific 
pathological conditions (such as inflammatory or neuro- 
pathic pain) spinal GABA can have excitatory effects due 
to reduced expression of the potassium-chloride exporter 
KCC2 [75,76], systematic experimental but also clinical 
studies have demonstrated a potent anti-spasticity effect 
after intrathecal treatment with the GABA B receptor 
agonist baclofen, suggesting continuing inhibitory GABA B 
receptor- mediated action [77,78]. In addition, we have re- 
cently demonstrated an effective anti-spastic effect after 
spinal parenchymal GAD65 (glutamate decarboxylase) 
upregulation if combined with systemic tiagabine (GABA 
uptake inhibitor) treatment in animals with spinal 
ischemia-induced muscle spasticity [79] . Jointly, these data 
suggest the anti-spasticity effect observed in our current 
study can be mediated by a synaptically coupled GABA- 
inhibitory effect. Accordingly, in our previous study using 
the same cell line, we have demonstrated the development 
of putative GABA-ergic synaptic contacts between grafted 
neurons and persisting a-motoneurons of the host in a rat 
spinal ischemia model. In the same animals, a significant 
amelioration of spasticity was measured [29]. In a recent 
study using electron microscopy analysis, we have con- 
firmed the development of synaptic contacts with the host 
neurons at nine months after intraspinal grafting of HSSC 
in normal non-injured immunodeficient rats [30]. Si- 
milarly, in a more recent study, the development of 
functional contacts and restoration of axon potential 
conductivity across the region of complete Th3 spinal 
transection by grafted HSSC was seen [32]. 

In addition to restoration of the local motor circuitry, sig- 
nificant amelioration of otherwise increased spinal CGRP 
expression seen in non-treated SCI animals was measured 
in SCI animals receiving spinal injections of HSSC. Consist- 
ent with this observation, previous studies have demon- 
strated that improvement of local spinal GABA-ergic tone, 
as achieved by subcutaneous inoculation of a replication- 
incompetent herpes simplex virus (HSV) encoding GAD67 
gene in a Thl3 spinal cord hemisection model, led to a 
similar decrease in otherwise increased CGRP expression 
[80]. Second, previous studies have shown that spinally 
grafted HSSC show the expression of several trophic factors 
(GDNF, BDNF, and VEGF) at two months after grafting in 
SOD+ rats [60]. We speculate that the release of these 
trophic factors can potentiate the sprouting of persisting 
axons of the host below and above the injury and accelerate 
the development of new synaptic contacts particularly at 
longer post-grafting intervals. 

Finally, we have demonstrated a near complete injury- 
cavity filling effect by the grafted cells at two months 
after grafting when the cells were grafted at three days 
after injury. This was in contrast to media-injected ani- 
mals which showed consistent and extensive rostro- 



caudal spinal cord cavitation. These data suggest that 
early post injury cell grafting is desirable as it can ef- 
fectively block the formation of the spinal cavity and 
its expansion and related long-term secondary spinal 
cord degeneration. A comparable cavity-filling effect 
and prevention in the progression of syringomyelia has 
been shown after spinal grafting of human embryonic or 
fetal SSCs in human patients with progressive post- 
traumatic syringomyelia [54,55,81]. 

It is important to note that the cavity-filling effect dem- 
onstrated in our current study was achieved without the 
use of any supporting matrices or additional topical 
growth factor(s) delivery. In our preliminary study, we 
have determined that while the density of grafted cells is 
relatively low to fill the cavity-forming region, the grafted 
cells continue to proliferate after grafting to the point 
where a cavity is near completely filled with grafted cells 
(unpublished data). The cell proliferation is inhibited once 
the cavity is filled and after that the cells differentiate nor- 
mally. That the cells do not develop into pre-neoplastic or 
neoplastic cells has been assessed in a nine-month tumori- 
genicity study with nude rats whose Th9 spinal cord seg- 
ment was first injured by contusion (manuscript in 
preparation). Similarly, using the same cell line as used in 
our current study, we have previously reported a compar- 
able low level of mitotic activity in grafted cells at six 
weeks to nine months after grafting in naive immunodefi- 
cient rats or immunosuppressed minipigs [82]. 

Conclusions 

In our current study, we demonstrate a functionally- 
defined treatment effect after spinal grafting of human 
GMP-grade fetal spinal stem cells in immunosuppressed 
SD rats with previous L3 contusion injury. This treat- 
ment effect was expressed as a significant improvement 
in motor and sensory function (gait/paw placement, 
stretch-induced muscle spasticity, and, mechanical and 
thermal sensitivity). No significant differences were de- 
tected in other CatWalk parameters, motor evoked poten- 
tials, open field locomotor (BBB) score or ladder climbing 
test. In addition, an effective filling of the trauma- induced 
spinal cavity with grafted cells was seen in HSSC-treated 
animals at two months after grafting. Jointly, these data 
demonstrate that the use of this clinical grade NSI- 
566RSC cell line with an already established favorable 
clinical safety profile represents a potential cell candi- 
date for cell replacement therapy in patients with pre- 
vious spinal traumatic injury. 

Additional files 



Additional file 1: Figure S1A-D. Effect of spinal HSSC grafting on 
locomotor function (BBB), foot stepping angle, ladder climbing test and 
motor evoked potentials. A: Weekly measurement of the BBB scores 
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modified for the L3 injuries (left y-axis) and regular BBB scores (right 
y-axis) showed progressive recovery in both HSSC-grafted and control SCI 
animals. While there was a trend toward better motor performance in 
HSSC-grafted-animals, this effect was not significant for both scoring 
systems. B: Single Frame Analysis showed a tendency towards regaining 
normal foot stepping angles between the paw and floor (measured at 
stance-phase initiation; see insert/drawing in B) in SCI-HSSC-treated 
animals. However, the angles were not significantly improved if 
compared to SCI controls. C: Using the ladder climbing test, we found a 
significant decrease in the number of correct steps in SCI animals if 
compared to naive controls. No significant difference was seen between 
SCI-control and SCI-HSSC-treated animals if analyzed at two months after 
treatments. D: Motor Evoked Potentials recorded at baseline (that is, 
before injury) and at eight weeks post injury showed a significant 
decrease only for the SCI-control animals. No significant difference 
between HSSC-grafted and control SCI animals was detected. 

Additional file 2: Figure S2A-D. Quantitative analysis of axonal survival 
in the epicenter of injury showed no significant differences between 
SCI-control and SCI-HSSC-treated animals. A: Schematic diagram of the 
axon counting design used in our current study. Axons were counted in 
plastic osmium-stained sections in the dorsal, lateral and ventral funiculi 
using ImageJ software. An example of the detection threshold to identify 
individual axons in a selected field is shown in A2 and A3. B: Transverse 
plastic section depicting a bilaterally distributed graft (red dashed line) 
and completely filling the cavity created by previous spinal compression. 
Note that the fusion of the graft with the host tissue is so advanced that 
the border between the previous injury-evoked cavity and the graft is 
difficult to delineate (red asterisks). C: An example of transverse spinal 
cord section taken from an animal receiving media injection. An 
extensive cavity occupying near completely the region of previous gray 
matter can be seen. D: Quantification of axons in SCI-control and 
SCI-HSSC-treated animals showed no significant differences if analyzed 
in dorsal, lateral or ventral funiculi or if sub-divided into axons of different 
caliber (S = small = 0.3 to 1.0 urn; M = medium = 1.0 to 2.5 urn; 
L = large = 2.5 to 10 urn). (Scale Bars: A to C: 500 urn). 



Abbreviations 

(b)FGF: (basic) fibroblast growth factor; (c)GMP: (clinical) good manufacturing 
practice; (D)MEM: (Dulbecco's) modified Eagle medium; (e)GFP: (enhanced) 
green fluorescent protein; AL-ER: above-level escape response; 
ALS: amytrophic lateral sclerosis; ANOVA: analysis of variance; BBB 
score: Basso, Beattie, and Bresnahan locomotion score; BDNF: brain-derived 
neurotrophic factor; CGRP: calcitonin gene-related peptide; CHAT: choline 
acetyltransferase; DCX: double cortin; DH: dorsal horn; EGF: epidermal growth 
factor; EMG (/RES): electromyograpy (/resistance response); FSA: foot 
stepping angle; G: gauge; GABA: gamma-aminobutyric acid; GAD65 and 
67: glutamate decarboxylase 65 and 67; GAP43: growth associated protein 
43; GDNF: glial cell line-derived neurotrophic factor; hGFAP: human-specific 
glial fibrillary acidic protein; hNSE: human-specific neuron specific enolase; 
hNUMA: human-specific nuclear mitotic apparatus; HSSC: human fetal spinal 
cord-derived neural stem cells; hSYN: human-specific SYNaptophysin; i. 
m.: intramuscular; i.p.: intraperitoneal; Iba1: ionized calcium binding adaptor 
molecule 1; IGF-1: insulin-like growth factor- 1; IHC: immunohistochemical; 
KCC2: potassium chloride cotransporter 2; L1: first lumbar vertebral segment; 
L3: third lumbar spinal cord segment; L6: sixth lumbar spinal cord segment; 
LF: lateral funiculus; MEP: motor evoked potentials; MPE: maximal possible 
effect; MRI: magnetic resonance imaging; NeuN: neuronal nuclei; NGF: nerve 
growth factor; NPC: neural precursor cell; Olig2: OLIGodendrocyte lineage 
transcription factor; PBS: phosphate-buffered saline; PC: personal computer; 
PFA: paraformaldehyde; RCHPP: rostro-caudal hindpaw positioning; 
RHI: rump-height-index; ROI: region of interest; s.c: subcutaneous; SCI: spinal 
cord injury; SD: Sprague-Dawley; SEM: standard error of the mean; 
SOD1: copper zinc superoxide dismutase 1; Th8: eighth thoracic vertebral 
segment; USP: United States Pharmacopeial Convention; VEGF: vascular 
endothelial growth factor. 

Competing interests 

Karl Johe, PhD is an employee of and receives salary from Neuralstem, Inc. 
All other authors declare that no competing interest(s) exist. 



Authors' contributions 

SvG carried out or participated in all in vivo work, data statistical analysis, and 
was involved in drafting the manuscript and the design of the study. ML 
carried out immunohistochemistry and participated in behavioral assays. OK 
participated in spasticity measurements. OP and JG carried out myogenic 
motor evoked potential recordings. CS participated in animal surgeries and 
post-operative animal care. EAJ helped draft the manuscript. MH and DG 
participated in immunohistochemistry and microscopy analysis. SM carried 
out cell preparation and viability testing before grafting. KJ developed and 
provided the cell line used in this study. JDC and MM conceived the study, 
participated in its design, and drafted the manuscript. All authors read and 
approved the final manuscript. 



Acknowledgements 

We thank Sandee Nguyen who provided assistance with the animal care, 
Ronald Deumens for his advice in experimental design and Amber Millen for 
editorial assistance. This study was supported by the CIRM (RM1-01720) and 
by Neuralstem, Inc. funds. The funders had no role in study design, data 
collection and analysis, decision to publish, or preparation of the manuscript. 

Author details 

^euroregeneration Laboratory, Department of Anesthesiology, University of 
California, San Diego, 9500 Gilman Drive, 92093, La Jolla, CA, USA. 
department of Anesthesiology, School for Mental Health and Neuroscience, 
Maastricht University Medical Center, Universiteitssingel 40, 6229, ER 
Maastricht, The Netherlands, institute of Neurobiology, Slovak Academy of 
Sciences, Soltesovej 9, 04001, Kosice, Slovakia, institute of Biology and 
Ecology, Faculty of Science, Pavol Jozef Safarik University, Srobarova 2, 04154, 
Kosice, Slovakia. 5 Neuralstem, Inc, 9700 Great Seneca Hwy, Rockville, MD 
20850, USA. institute of Animal Physiology and Genetics, Czech Academy of 
Sciences, Rumburska 89, 277 21, Libechov, Czech Republic, department of 
Cell Biology, Faculty of Science, Charles University in Prague, Vinicna 7, 128 
00, Prague, Czech Republic. 8 UCSD Division of Neurosurgery, University of 
California, San Diego, 9500 Gilman Drive, 92093, La Jolla, CA, USA. 9 Sanford 
Consortium for Regenerative Medicine, 2880 Torrey Pines Scenic Drive, 
92037, La Jolla, CA, USA. 

Received: 14 February 2013 Revised: 2 April 2013 
Accepted: 25 April 2013 Published: 28 May 2013 



References 

1. Hagg T, Oudega M: Degenerative and spontaneous regenerative 
processes after spinal cord injury. J Neurotrauma 2006, 23:264-280. 

2. Jones CF, Cripton PA, Kwon BK: Gross morphological changes of the 
spinal cord immediately after surgical decompression in a large animal 
model of traumatic spinal cord injury. Spine 2012, 37:E890-E899. 

3. Oudega M: Molecular and cellular mechanisms underlying the role of 
blood vessels in spinal cord injury and repair. Cell Tissue Res 2012, 
349:269-288. 

4. Bracken MB: Steroids for acute spinal cord injury. Cochrane Database Syst 
Rev 2012, 1,CD001046. 

5. Fleming JC, Norenberg MD, Ramsay DA, Dekaban GA, Marcillo AE, Saenz 
AD, Pasquale-Styles M, Dietrich WD, Weaver LC: The cellular inflammatory 
response in human spinal cords after injury. Brain 2006, 129:3249-3269. 

6. David S, Kroner A: Repertoire of microglial and macrophage responses 
after spinal cord injury. Nat Rev Neurosci 201 1, 12:388-399. 

7. Ankeny DP, Popovich PG: Mechanisms and implications of adaptive 
immune responses after traumatic spinal cord injury. Neuroscience 2009, 
158:1112-1121. 

8. Lu P, Tuszynski MH: Growth factors and combinatorial therapies for CNS 
regeneration. Exp Neurol 2008, 209:313-320. 

9. Sahni V, Kessler JA: Stem cell therapies for spinal cord injury. Nat Rev 
Neurol 2010, 6:363-372. 

10. Llado J, Haenggeli C, Maragakis NJ, Snyder EY, Rothstein JD: Neural stem 
cells protect against glutamate-induced excitotoxicity and promote 
survival of injured motor neurons through the secretion of neurotrophic 
factors. Mol Cell Neurosci 2004, 27:322-331. 

1 1 . Bonner JF, Connors TM, Silverman WF, Kowalski DP, Lemay MA, Fischer I: 
Grafted neural progenitors integrate and restore synaptic connectivity 
across the injured spinal cord. J Neurosci 201 1, 31:4675-4686. 



van Gorp et al. Stem Cell Research & Therapy 2013, 4:57 
http://stemcellres.eom/content/4/3/57 



Page 21 of 22 



12. White TE, Lane MA, Sandhu MS, O'Steen BE, Fuller DD, Reier PJ: Neuronal 
progenitor transplantation and respiratory outcomes following upper 
cervical spinal cord injury in adult rats. Exp Neurol 2010, 225:231-236. 

13. Magnuson DS, Zhang YP, Cao QL, Han Y, Burke DA, Whittemore SR: 
Embryonic brain precursors transplanted into kainate lesioned rat spinal 
cord. Neuroreport 2001 , 1 2:1 01 5-1 01 9. 

14. Boido M, Garbossa D, Vercelli A: Early graft of neural precursors in spinal 
cord compression reduces glial cyst and improves function. J Neurosurg 
Spine 2011, 15:97-106. 

15. Erceg S, Ronaghi M, Oria M, Rosello MG, Arago MA, Lopez MG, Radojevic I, 
Moreno-Manzano V, Rodriguez-Jimenez FJ, Bhattacharya SS, Cordoba J, 
Stojkovic M: Transplanted oligodendrocytes and motoneuron 
progenitors generated from human embryonic stem cells promote 
locomotor recovery after spinal cord transection. Stem Cells 2010, 
28:1541-1549. 

16. Hendricks WA, Pak ES, Owensby JP, Menta KJ, Glazova M, Moretto J, Hollis S, 
Brewer KL, Murashov AK: Predifferentiated embryonic stem cells prevent 
chronic pain behaviors and restore sensory function following spinal 
cord injury in mice. Mol Med 2006, 12:34-46. 

17. Donnelly EM, Lamanna J, Boulis NM: Stem cell therapy for the spinal cord. 
Stem Cell Res Ther 2012, 3:24. 

18. Willerth SM: Neural tissue engineering using embryonic and induced 
pluripotent stem cells. Stem Cell Res Ther 201 1, 2:1 7. 

19. Ferrari D, Binda E, De Filippis L, Vescovi AL: Isolation of neural stem cells 
from neural tissues using the neurosphere technique. Curr Protoc Stem 
Cell Biol 2010, 2:6. 

20. Svendsen CN, ter Borg MG, Armstrong RJ, Rosser AE, Chandran S, Ostenfeld 
T, Caldwell MA: A new method for the rapid and long term growth of 
human neural precursor cells. J Neurosci Methods 1998, 85:141-152. 

21 . Carpenter MK, Cui X, Hu ZY, Jackson J, Sherman S, Seiger A, Wahlberg LU: 
In vitro expansion of a multipotent population of human neural 
progenitor cells. Exp Neurol 1999, 158:265-278. 

22. Yan J, Xu L, Welsh AM, Chen D, Hazel T, Johe K, Koliatsos VE: Combined 
immunosuppressive agents or CD4 antibodies prolong survival of 
human neural stem cell grafts and improve disease outcomes in 
amyotrophic lateral sclerosis transgenic mice. Stem Cells 2006, 
24:1976-1985. 

23. Uchida N, Buck DW, He D, Reitsma MJ, Masek M, Phan TV, Tsukamoto AS, 
Gage FH, Weissman IL: Direct isolation of human central nervous system 
stem cells. Proc Natl Acad Sci USA 2000, 97:14720-14725. 

24. Vescovi AL, Parati EA, Gritti A, Poulin P, Ferrario M, Wanke E, Frolichsthal- 
Schoeller P, Cova L, Arcellana-Panlilio M, Colombo A, Galli R: Isolation and 
cloning of multipotential stem cells from the embryonic human CNS 
and establishment of transplantable human neural stem cell lines by 
epigenetic stimulation. Exp Neurol 1999, 156:71-83. 

25. Guo X, Johe K, Molnar P, Davis H, Hickman J: Characterization of a human 
fetal spinal cord stem cell line, NSI-566RSC, and its induction to 
functional motoneurons. J Tissue Eng Regen Med 2010, 4:181-193. 

26. Clinical Trials with 'huCNS-SC: NLM database search results. http://www. 
clinicaltrials.gov/ct2/results?term=hucns-sc. 

27. A Phase I, Open-label, First in Human, Feasibility and Safety Study of Human 
Spinal Cord Derived Neural Stem Cell Transplantation for the Treatment of 
Amyotrophic Lateral Sclerosis - Identifier: NCT01 348451. http://www. 
clinicaltrial.gov/ct2/show/NCT01348451. 

28. Jacobs Y, Selden N, Al-Uzri A, Koch T, Vogel H, Huhn S, Uchida N, Dalma- 
Weiszhausz D, Tsukamoto A, Steiner R: Long-term survival and migration of 
allogeneic human central nervous system stem cells following intracerebral 
transplantation in neuronal ceroid lipofuscinosis. Toronto, ON, Canada: ISSCR 
2011 Annual Meeting; 2011. 

29. Cizkova D, Kakinohana O, Kucharova K, Marsala S, Johe K, Hazel T, Hefferan MP, 
Marsala M: Functional recovery in rats with ischemic paraplegia after spinal 
grafting of human spinal stem cells. Neuroscience 2007, 147:546-560. 

30. Hefferan MP, Galik J, Kakinohana O, Sekerkova G, Santucci C, Marsala S, 
Navarro R, Hruska-Plochan M, Johe K, Feldman E, Cleveland DW, Marsala M: 
Human neural stem cell replacement therapy for amyotrophic lateral 
sclerosis by spinal transplantation. PLoS One 2012, 7:e42614. 

31. Boulis NM, Federici T, Glass JD, Lunn JS, Sakowski SA, Feldman EL: 
Translational stem cell therapy for amyotrophic lateral sclerosis. Nat Rev 
Neurol 2011,8:172-176. 

32. Lu P, Wang Y, Graham L, McHale K, Gao M, Wu D, Brock J, Blesch A, 
Rosenzweig ES, Havton LA, Zheng B, Conner JM, Marsala M, Tuszynski MH: 



Long-distance growth and connectivity of neural stem cells after severe 
spinal cord injury. Cell 2012, 150:1264-1273. 

33. Hefferan MP, Johe K, Hazel T, Feldman EL, Lunn JS, Marsala M: Optimization 
of immunosuppressive therapy for spinal grafting of human spinal stem 
cells in a rat model of ALS. Cell Transplant 201 1 , 20:1 153-1161. 

34. Johe KK, Hazel TG, Muller T, Dugich-Djordjevic MM, McKay RD: Single 
factors direct the differentiation of stem cells from the fetal and adult 
central nervous system. Genes Dev 1996, 10:3129-3140. 

35. Basso DM, Beattie MS, Bresnahan JC: A sensitive and reliable 
locomotor rating scale for open field testing in rats. J Neurotrauma 
1995, 12:1-21. 

36. Deumens R, Koopmans GC, Honig WM, Maquet V, Jerome R, Steinbusch 
HW, Joosten EA: Limitations in transplantation of astroglia-biomatrix 
bridges to stimulate corticospinal axon regrowth across large spinal 
lesion gaps. Neurosci Lett 2006, 400:208-212. 

37. Semler J, Wellmann K, Wirth F, Stein G, Angelova S, Ashrafi M, Schempf G, 
Ankerne J, Ozsoy O, Ozsoy U, Schonau E, Angelov DN, Irintchev A: 
Objective measures of motor dysfunction after compression spinal 
cord injury in adult rats: correlations with locomotor rating scores. 
J Neurotrauma 201 1, 28:1247-1258. 

38. Apostolova I, Irintchev A, Schachner M: Tenascin-R restricts posttraumatic 
remodeling of motoneuron innervation and functional recovery after 
spinal cord injury in adult mice. J Neurosci 2006, 26:7849-7859. 

39. Marsala M, Hefferan MP, Kakinohana O, Nakamura S, Marsala J, Tomori Z: 
Measurement of peripheral muscle resistance in rats with chronic 
ischemia-induced paraplegia or morphine-induced rigidity using a semi- 
automated computer-controlled muscle resistance meter. J Neurotrauma 
2005, 22:1348-1361. 

40. Mills C, Leblond D, Joshi S, Zhu C, Hsieh G, Jacobson P, Meyer M, Decker M: 
Estimating efficacy and drug ED50's using von Frey thresholds: impact 
of weber's law and log transformation. J Pain 2012, 13:519-523. 

41. Navarro R, Juhas S, Keshavarzi S, Juhasova J, Motlik J, Johe K, Marsala S, 
Scadeng M, Lazar P, Tomori Z, Schulteis G, Beattie M, Ciacci JD, Marsala M: 
Chronic spinal compression model in minipigs: a systematic behavioral, 
qualitative, and quantitative neuropathological study. J Neurotrauma 
2012, 29:499-513. 

42. Koopmans GC, Deumens R, Honig WM, Hamers FP, Steinbusch HW, Joosten 
EA: The assessment of locomotor function in spinal cord injured rats: the 
importance of objective analysis of coordination. J Neurotrauma 2005, 
22:214-225. 

43. Ondarza AB, Ye Z, Hulsebosch CE: Direct evidence of primary afferent 
sprouting in distant segments following spinal cord injury in the rat: 
colocalization of GAP-43 and CGRP. Exp Neurol 2003, 184:373-380. 

44. Hains BC, Waxman SG: Activated microglia contribute to the maintenance 
of chronic pain after spinal cord injury. J Neurosci 2006, 26:4308-4317. 

45. Taira Y, Marsala M: Effect of proximal arterial perfusion pressure on 
function, spinal cord blood flow, and histopathologic changes 
after increasing intervals of aortic occlusion in the rat. Stroke 1996, 
27:1850-1858. 

46. Marsala M, Yaksh TL: Transient spinal ischemia in the rat: characterization 
of behavioral and histopathological consequences as a function of the 
duration of aortic occlusion. J Cereb Blood Flow Metab 1994, 14:526-535. 

47. Collazos-Castro JE, Soto VM, Gutierrez-Davila M, Nieto-Sampedro M: 
Motoneuron loss associated with chronic locomotion impairments after 
spinal cord contusion in the rat. J Neurotrauma 2005, 22:544-558. 

48. Magnuson DS, Lovett R, Coffee C, Gray R, Han Y, Zhang YP, Burke DA: 
Functional consequences of lumbar spinal cord contusion injuries in the 
adult rat. J Neurotrauma 2005, 22:529-543. 

49. Bose P, Parmer R, Thompson FJ: Velocity-dependent ankle torque in 
rats after contusion injury of the midthoracic spinal cord: time 
course. J Neurotrauma 2002, 19:1231-1249. 

50. Bunge RP, Puckett WR, Becerra JL, Marcillo A, Quencer RM: Observations on 
the pathology of human spinal cord injury: a review and classification of 
22 new cases with details from a case of chronic cord compression with 
extensive focal demyelination. Adv Neurol 1993, 59:75-89. 

51. Adams MM, Hicks AL: Spasticity after spinal cord injury. Spinal Cord 2005, 
43:577-586. 

52. Ek CJ, Habgood MD, Callaway JK, Dennis R, Dziegielewska KM, Johansson 
PA, Potter A, Wheaton B, Saunders NR: Spatio-temporal progression of 
grey and white matter damage following contusion injury in rat spinal 
cord. PLoS One 2010, 5:e12021. 



van Gorp et al. Stem Cell Research & Therapy 2013, 4:57 
http://stemcellres.eom/content/4/3/57 



Page 22 of 22 



53. Bramlett HM, Dietrich WD: Progressive damage after brain and spinal 
cord injury: pathomechanisms and treatment strategies. Prog Brain Res 

2007, 161:125-141. 

54. Falci S, Holtz A, Akesson E, Azizi M, Ertzgaard P, Hultling C, Kjaeldgaard A, 
Levi R, Ringden 0, Westgren M, Lammertse D, Seiger A: Obliteration of a 
posttraumatic spinal cord cyst with solid human embryonic spinal cord 
grafts: first clinical attempt. J Neurotrauma 1997, 14:875-884. 

55. Wirth ED 3rd, Reier PJ, Fessler RG, Thompson FJ, Uthman B, Behrman A, 
Beard J, Vierck CJ, Anderson DK: Feasibility and safety of neural tissue 
transplantation in patients with syringomyelia. J Neurotrauma 2001, 
18:911-929. 

56. Hawryluk GW, Mothe A, Wang J, Wang S, Tator C, Fehlings MG: An in vivo 
characterization of trophic factor production following neural precursor 
cell or bone marrow stromal cell transplantation for spinal cord injury. 
Stem Cells Dev 2012, 21:2222-2238. 

57. Yan J, Welsh AM, Bora SH, Snyder EY, Koliatsos VE: Differentiation and 
tropic/trophic effects of exogenous neural precursors in the adult spinal 
cord. J Comp Neurol 2004, 480:101-1 14. 

58. Lu P, Jones LL, Snyder EY, Tuszynski MH: Neural stem cells constitutively 
secrete neurotrophic factors and promote extensive host axonal growth 
after spinal cord injury. Exp Neurol 2003, 181:1 15-129. 

59. Yan J, Xu L, Welsh AM, Hatfield G, Hazel T, Johe K, Koliatsos VE: Extensive 
neuronal differentiation of human neural stem cell grafts in adult rat 
spinal cord. PLoS Med 2007, 4:e39. 

60. Xu L, Yan J, Chen D, Welsh AM, Hazel T, Johe K, Hatfield G, Koliatsos VE: 
Human neural stem cell grafts ameliorate motor neuron disease in 
SOD-1 transgenic rats. Transplantation 2006, 82:865-875. 

61. Fagerlund M, Estrada CP, Jaff N, Svensson M, Brundin L: Neural stem/ 
progenitor cells transplanted to the hypoglossal nucleus integrates with 
the host CNS in adult rats and promotes motor neuron survival. Cell 
Transplant 2012,21:739-747. 

62. Rota Nodari L, Ferrari D, Giani F, Bossi M, Rodriguez-Menendez V, Tredici G, 
Delia D, Vescovi AL, De Filippis L: Long-term survival of human neural 
stem cells in the ischemic rat brain upon transient immunosuppression. 
PLoS One 2010, 5:e14035. 

63. Lepore AC, Neuhuber B, Connors TM, Han SS, Liu Y, Daniels MP, Rao MS, 
Fischer I: Long-term fate of neural precursor cells following 
transplantation into developing and adult CNS. Neuroscience 2006, 
142:287-304. 

64. Cummings BJ, Uchida N, Tamaki SJ, Anderson AJ: Human neural stem cell 
differentiation following transplantation into spinal cord injured mice: 
association with recovery of locomotor function. Neurol Res 2006, 

28:474-481. 

65. Hofstetter CP, Holmstrom NA, Lilja JA, Schweinhardt P, Hao J, Spenger C, 
Wiesenfeld-Hallin Z, Kurpad SN, Frisen J, Olson L: Allodynia limits the 
usefulness of intraspinal neural stem cell grafts; directed differentiation 
improves outcome. Nat Neurosci 2005, 8:346-353. 

66. Mitsui T, Shumsky JS, Lepore AC, Murray M, Fischer I: Transplantation of 
neuronal and glial restricted precursors into contused spinal cord 
improves bladder and motor functions, decreases thermal 
hypersensitivity, and modifies intraspinal circuitry. J Neurosci 2005, 
25:9624-9636. 

67. McDonald JW, Liu XZ, Qu Y, Liu S, Mickey SK, Turetsky D, Gottlieb Dl, Choi 
DW: Transplanted embryonic stem cells survive, differentiate and 
promote recovery in injured rat spinal cord. Nat Med 1999, 5:1410-1412. 

68. Alexanian AR, Svendsen CN, Crowe MJ, Kurpad SN: Transplantation of 
human glial-restricted neural precursors into injured spinal cord 
promotes functional and sensory recovery without causing allodynia. 
Cytotherapy 2011, 13:61-68. 

69. Davies JE, Proschel C, Zhang N, Noble M, Mayer-Proschel M, Davies SJ: 
Transplanted astrocytes derived from BMP- or CNTF-treated glial- 
restricted precursors have opposite effects on recovery and allodynia 
after spinal cord injury. J Biol 2008, 7:24. 

70. Macias MY, Syring MB, Pizzi MA, Crowe MJ, Alexanian AR, Kurpad SN: Pain 
with no gain: allodynia following neural stem cell transplantation in 
spinal cord injury. Exp Neurol 2006, 201:335-348. 

71. Davies JE, Huang C, Proschel C, Noble M, Mayer-Proschel M, Davies SJ: 
Astrocytes derived from glial-restricted precursors promote spinal cord 
repair. J Biol 2006, 5:7. 

72. Jin Y, Neuhuber B, Singh A, Bouyer J, Lepore A, Bonner J, Himes T, 
Campanelli JT, Fischer I: Transplantation of human glial restricted 



progenitors and derived astrocytes into a contusion model of spinal 
cord injury. J Neurotrauma 201 1, 28:579-594. 

73. Baastrup C, Maersk-Moller CC, Nyengaard JR, Jensen TS, Finnerup NB: 
Spinal-, brainstem- and cerebrally mediated responses at- and below- 
level of a spinal cord contusion in rats: evaluation of pain-like behavior. 
Pain 2010, 151:670-679. 

74. Hofstetter CP, Schweinhardt P, Klason T, Olson L, Spenger C: Numb rats 
walk - a behavioural and fMRI comparison of mild and moderate spinal 
cord injury. Eur J Neurosci 2003, 18:3061-3068. 

75. Anseloni VC, Gold MS: Inflammation-induced shift in the valence of spinal 
GABA-A receptor-mediated modulation of nociception in the adult rat. 

J Pain 2008, 9:732-738. 

76. Coull JA, Boudreau D, Bachand K, Prescott SA, Nault F, Sik A, De Koninck P, 
De Koninck Y: Trans-synaptic shift in anion gradient in spinal lamina I 
neurons as a mechanism of neuropathic pain. Nature 2003, 424:938-942. 

77. Rawlins PK: Intrathecal baclofen therapy over 10 years. J Neurosci Nurs 
2004, 36:322-327. 

78. Kakinohana O, Hefferan MP, Nakamura S, Kakinohana M, Galik J, Tomori Z, 
Marsala J, Yaksh TL, Marsala M: Development of GABA-sensitive spasticity 
and rigidity in rats after transient spinal cord ischemia: a qualitative and 
quantitative electrophysiological and histopathological study. 

Neuroscience 2006, 141:1569-1583. 

79. Kakinohana O, Hefferan MP, Miyanohara A, Nejime T, Marsala S, Juhas S, 
Juhasova J, Motlik J, Kucharova K, Strnadel J, Platoshyn O, Lazar P, Galik J, 
Vinay L, Marsala M: Combinational spinal GAD65 gene delivery and 
systemic GABA-mimetic treatment for modulation of spasticity. PLoS One 
2012, 7:e30561. 

80. Liu J, Wolfe D, Hao S, Huang S, Glorioso JC, Mata M, Fink DJ: Peripherally 
delivered glutamic acid decarboxylase gene therapy for spinal cord 
injury pain. Mol Ther 2004, 10:57-66. 

81. Biyani A, el Masry WS: Post-traumatic syringomyelia: a review of the 
literature. Paraplegia 1994, 32:723-731. 

82. Usvald D, Vodicka P, Hlucilova J, Prochazka R, Motlik J, Kuchorova K, Johe K, 
Marsala S, Scadeng M, Kakinohana O, Navarro R, Santa M, Hefferan MP, 
Yaksh TL, Marsala M: Analysis of dosing regimen and reproducibility of 
intraspinal grafting of human spinal stem cells in immunosuppressed 
minipigs. Cell Transplant 2010, 19:1 103-1 122. 



doi:10.1186/scrt209 

Cite this article as: van Gorp et al.: Amelioration of motor/sensory 
dysfunction and spasticity in a rat model of acute lumbar spinal cord 
injury by human neural stem cell transplantation. Stem Cell Research & 
Therapy 2QU 4:57. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



